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ABSTRACT

Lean direct-injection (LDI) spray flames offer the possibility of reducing NO;
emissions from gas turbines by rapid mixing of the liquid fuel and air so as to drive the
flame structure toward partially-premixed conditions. We consider the technical
approaches required to utilize laser-induced fluorescence methods for quantitatively
measuring NO concentrations in high-pressure LDI spray flames. In the progression
from atmospheric to high-pressure measurements, the LIF method requires a shift from
the saturated to the linear regime of fluorescence measurements. As such, we discuss
quantitative, spatially resolved laser-saturated fluorescence (LSF), linear laser-induced
fluorescence (LIF), and planar laser-induced fluorescence (PLIF) measurements of NO
concentration in LDI spray flames.

Spatially-resolved LIF measurements of NO concentration (ppm) are reported for
preheated, LDI spray flames at pressures of 2-5 atm. The spray is produced by a hollow-
cone, pressure-atomized nozzle supplied with liquid heptane. NO is excited via the
Q2(26.5) transition of the ¥(0,0) band. Detection is performed in a 2-nm region centered
on the y(0,1) band. A complete scheme is developed by which quantitative NO
concentrations in high-pressure LDI spray flames can be measured by applying linear
LIF. NO is doped into the reactants and convected through the flame with no apparent
destruction, thus allowing an NO fluorescence calibration to be taken inside the flame
environment. The in-situ calibration scheme is validated by comparisons to a reference
flame. Quantitative NO profiles are presented and analyzed so as to better understand the
operation of lean-direct injectors for gas turbine combustors. Moreover, parametric
studies are provided for variations in pressure, air-preheat temperature, and equivalence
ratio. Similar parametric studies are performed for lean, premixed-prevaporized flames

to permit comparisons to those for LDI flames.
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Finally, PLIF is expanded to high pressure in an effort to quantify the detected
fluorescence image for LDI flames. Success is achieved by correcting the PLIF
calibration via a single-point LIF measurement. This procedure removes the influence of
any preferential background that occurs in the PLIF detection window. In general, both
the LIF and PLIF measurements verify that the LDI strategy could be used to reduce NOy

emissions in future gas turbine combustors.
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1. INTRODUCTION

The dﬁve 7to énginee'rr Irnrorer efﬁcient gas-turbiné c&mbustbrs, while producing
pollutant levels below the strict limits set by government regulations, has resulted in a
vast body of research to improve our understanding of these complex devices.
Nevertheless, continuing advances in experimentation and computational modeling are
necessary to integrate the many aspects of gas-turbine combustion, including turbulence-
chemistry interactions (Gupta et al., 1997; Gupta et al, 1991), pollutant production
(Polifke et al., 1996), fuel patternation (Locke et al., 1998), and temperature distribution
(Ghaffarpour, 1993). Much of this research is ultimately aimed at reducing NOy
emissions. Of the numerous possibilities to approach NOyx reduction, the utilization of
swirl-based geometries provides excellent potential. In general, swirl is imparted to the
combustion air via annular guide vanes or by upstream tangential air injection (see Fig.
1.1). The effect of swirl is to create a torroidal recirculation zone which, for non-
premixed combustion, promotes more efficient fuel/air mixing and provides flame
stabilization. For premixed combustion, recirculation produces a region of hot
combustion products that aids in flame anchoring at either an upstream or downstream
stagnation point (Yegian and Cheng, 1998).

Laser-induced fluorescence (LIF) and its variations are the predominant optical
technique utilized over the past decade to make minor-species concentration
measurements in laboratory flames. Laser-based diagnostic techniques such as LIF have
undergone extensive development and refinement, and have achieved an ability to
produce quantitative measurements of minor species, such as nitric oxide, with accuracies
of +20% and detection limits approaching 1 part-per-million (Reisel ez al., 1993).

This research has been designed to advance the diagnostic capabilities of the LIF

technique and to utilize these advancements in spray flames that simulate real gas-turbine



IAE b T D b

' 75 atm.

conditions. The lean direct-injection (LDI) geometry of Figure 1.1 was selected as the
primary burner of interest. In this configuration, the spray is produced by a hollow-cone,
pressure-atomized nozzle and injected into swirling air that exits the burner, thus mixing
the fuel and air fast enough to achieve partially-premixed conditions. This flame
geometry is characterized by a torrodial recirculation zone that serves as the primary
stability mechanism. We have utilized this geometry at high pressures (2-5 atm) to
develop both LIF and planar-LIF techniques capable of quantitatiye measurements of NO

concentratxons [NOJ. Recogmzmg that a primary competltor to the LDI conﬁguranon is

” the lean prennxed-prevaponzed (LPP) bumer (Fxg 12) we have modified the LDI

j ‘ted upstream of the exit, thus producmg a premixed,

swrrlrngflame Srmrlar LIF work is performed in this conﬁguranon so as to make

comparisons with the LDI measurements.

' In Chapter 2, we rev1cw relevant llterature and the technlcal approach required to

"utlllze laser—rnduced fluorescence (LIF) methods for quantrtatrvely measunng [NO] in

| atrnosphenc LDI spray ﬂames In the proéressxon from ‘atmospheric to high-pressure

measurements, the LIF method requlres a shift from the saturated to the linear regime of

ﬂuorescence measurements As such we dlSCUSS quantltatrve, spatlally resolved laser-

| saturated ﬂuorescence (LSF) lmear laser-mduced fluorescence (LIF) and planar laser-

lnduced fluorescence (PL]I") measurements of NO concentratlon in atmosphenc 1LDI

spray flames.
The experimental apparatus used in performing the high-pressure measurements
is presented in Chapter 3, with descriptions of the LIF and PLIF facilities. Chapter 4

presents the ﬁrst quanntatrve LIF measurements of NO concentration obtained in an LDI

' burner at high pressure (2 atm) The techmque developed for these measurements is

subsequently utilized to characterize the operation of LDI spray flames at pressures up to

kEhZi:Eé‘r 5 presents a comprehensrve rnappmg of the LDI spray ﬂame at high

pressures The degree ofr umfomuty msxde the recrrculatlon zone is exemplrﬁed by the

4 results of thls work. Quantxtanve rad1a1 NO proﬁles are presented at 2. 09 3.18,4.27, and

5 35 atm and analyzed 50 as to better understand the operauon of lean-dlrect injectors for
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gas turbine combustors. Downstream NO measurements in the LDI flames indicate an
overall pressure scaling corresponding to P%™. Chapter 6 continues with a parametric
study of the 4.27-atm flame by varying the air-preheat temperature and the equivalence
ratio. A unique correlation relating NO to ¢’ is reported and discussed. Chapter 7 then
repeats these parametric studies in a lean, premixed-prevaporized flame to provide a
comparison to the LDI investigation. '

Chapter 8 reports planar laser-induced fluorescence (PLIF) measurements of
[NO] for the 4.27-atm LDI spray flame. The feasibility of using PLIF in lieu of LIF is
assessed with respect to measuring NO concentrations in high-pressure LDI spray flames.
Excitation scans and calibration comparisons are performed to assess the background
contribution for PLIF detection. Quantitative radial NO profiles measured by LIF are
presented and analyzed so as to correct the PLIF measurements to within the accuracy
bars of the LIF measurements via a single-point scaling of the PLIF image. Overall
conclusions and recommendations for the continuation of this work to higher pressures

are made in Chapter 9.






|

/
o
(=%

>

3

'

> 3

—— s | »
S

o,



2. BACKGROUND AND PREVIOUS ATMOSPEHRIC MEASUREMENTS

2.1 Introduction

The amhustlon dlagnostrcs community has recently begun to focus its efforts
toward pract1ca1 combustion devices. One impetus behind this effort is the need to
develop aeropropulswn gas turbine combustors with ultra-low NO, emissions. For the
past several years, the Flame Diagnostics Laboratory at Purdue Umversrty has been
advancing optically non-intrusive techniques to measure concentratlons of nitric oxide
[NO] in lean direct-injection (LDI) spray flames. LDI flames offer the possibility of
reducmg NOy emissions from gas turbines by rapid mixing of the hqurd fuel and air so as
to drive the flame structure toward partially prenuxed conditions. In this chapter, we
review relevant literature and the technical approach requlrcd to_utilize laser-induced
ﬂuorescence (LIF) methods for quantltatlvely measunng [NO] in atmosphenc LDI spray
flames. In the progression from atmosphenc to h1gh-pressure measurements, the LIF
method requires a shift from the saturated to the linear regime of fluorescence
measurements. As such, wehdi'scuss quantitative spatially resolved laser-saturated
ﬂuorescence (LSF) linear laser-lnduced fluorescence (LIF), and planar laser-induced
ﬂuorescence (PLIF) measurements of NO concentratlon in atmosphenc, LDI spray

flames. In general, the results are comparable although novel filtering techniques are

required at higher flame pressures.

2 2 Backg;ound

With the onset of strmgent NOy ermssxons standards over the last few decades, the

attention of the combustion diagnostics community has turmed to quantitatively

measuring NO concentrations in practical combustion devices. In particular, many
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researchers have probed liquid-fueled spray flames to better understand the complex
flowfields associated with this type of turbulent reactive flow. Structural experimentation
has focused on velocity and temperature distributions so as to offer general insight and to
aid in the development of numerical models for the flowfield. Lee and Chehroudi (1995),
for example, investigated the structure of a swirling, hollow-cone spray flame similar to
that occurring in the primary zone of a gas turbine combustor, though at atmospheric
pressure. They proposed a mean spray structure based on measurements of the drop-size
distribution and of the mean and rms values of the axial, radial, and tangential drop
velocities. Similarly, Bulzan (1995) investigated a swirl-stabilized, pressure-atomized,
liquid-spray flame by measuring both the gas- and liquid-phase velocity distributions, the
drop-size distribution, and gas-phase temperature profiles.

Spray flames pose a particularly daunting challenge to diagnosticians who seek
quantitative measurements of species concentrations. Inefficient atomization of the fuel
can introduce very large Mie scattering interferences, particularly in the near-field spray
region. Because of the large molecular weights of typical hydrocarbon fuels and fuel
fragments, fluorescence from unburned hydrocarbons (UHC) and polycyclic aromatic
hydrocarbons (PAH) often pose a challenge to selective detection of the spectral
signature from those species of interest. Nevertheless, the most prominent optical
method for qualitatively measuring species concentrations in spray flames has been
planar laser-induced fluorescence (PLIF).

Allen et al. (1994) obtained qualitative PLIF images of OH concentration in a
heptane-air spray flame burning over a pressure range of 0.1 to 0.8 MPa. They tested
both solid and hollow-cone spray nozzles. In this work, the effect of interfering PAH
fluorescence was assessed by using a spectrometer to spectrally separate the fluorescence
into individual features. Hydroxyl excitation was achieved by employing the P;(8)
transition at 285.67 nm. A laser-induced signal was discovered, exhibiting features at
350 nm, 400 nm, and 450 nm, but on a quasi-continuum background when operating at
atmospheric pressure. The strength and spectral characteristics of this broad background
were observed to be independent of excitation wavelength within a 5-nm region centered

on the P,(8) transition, which indicates a broad absorbing species such as a heavy
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hydrocarbon. As the pressure rose, the above spectral features became non-discernable
and exhibited a P? increase in fluorescence strength.

In an extension of their 1994 work, Allen et al. (1995) performed similar [OH]
imaging in ethanol flames and further assessed the effects of PAH interferences. With
respect to NO measurements, Allen ez al. (1995) p;orpo'sed that excitation near 226 nm
may produce more severe laser-attenuation andhencePAH fluorescence. To test this
conjecture, Upshulte ef al. (1996) obtained qualitative PLIF images of NO, O, and fuel
vapor by employing excitation wavelengths of 226 nm and 308 nm. Measurements were
made for ethanol fuel in the same high-pressure spray-flame combustor used by Allen ez
al. (1994). As expected, a broad interference sxgnal attributed to PAH was discovered
and assigned to a nominal 5% of the NO 51gna1 at atmospheric pressure.

Locke et al. (1995) utilized PLIF with 282-nm excitation to image OH
concentrations in a high-pressure (10-14 atm) combustor supplied with Jet-A fuel (0.59-

0.83 kg/s) through lean direct-injection (¢=0.41-0.53) with preheated air (811-866 K).

Though this work only assessed the qualitative distribution of OH radicals in the reacting
flow, the combustor was designed to simulate actual gas turbine conditions. The authors
found that elestically scattered light and PAH fluorescence were not evident in the
downstream regions of their direct injection combustor. This was a significant
contribution to the combustion diagnostics community, as quantitative measurements at
real-world conditions are an end goal of spray flame optical diagnostics, and the
interferences mentioned are a severe limitation for many measurement environments.
While PLIF images offer significant information on the chosen flowfields,
barriers to quantitative measurements have not been completely overcome by the current
technology. Some of these barriers include (1) spatial variations in the electronic
quenching rate coefficient, (2) interferences from other species owing to broadband
deteetion, and (3) absorption of the laser sheet as it passes through the control volume. In
an effort to make PLIF concentration images quantitative, Cooper et al. (1998) developed
a procedure whereby qualitafive PLIF images in spray flames can be scaled to a single
laser-saturated ﬂuorescence (LSF) measurement so as to make the images quantitative

within the error bars of the more accurate LSF pomt data. The quantitative nature of the
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LSF measurements arises from the fluorescence being nearly independent of both laser
irradiance and the electronic quenching rate coefficient.

This chapter is concerned with the advancement of laser-induced fluorescence
techniques for measuring NO in swirling, liquid-fueled spray flames incorporating a
hollow-cone, pressure-atomized nozzle. The spray flame is based on the lean direct-
injection (LDI) configuration, which is of current importance to gas turbine combustion.
The end goal of this work is to develop a laser-induced fluorescence technique capable of
measuring quantitative NO concentrations in LDI-based spray flames at high pressure.
We begin by reviewing similar measurements at atmospheric pressure. We then use
these results to suggest improvements for application to high-pressure spray flames, as

pursued in later chapters.

2.3 Laser-Induced Fluorescence Methodology

Two distinct regimes exist by which to excite molecules via laser-induced
fluorescence measurements (Laurendeau and Goldsmith, 1989). The first and most
prominent technique is termed linear laser-induced fluorescence (typically referred to as
LIF). In this regime the excited population and hence the fluorescence is directly
proportional to the laser spectral irradiance and is inversely proportional to the electronic
quenching rate coefficient. The limitation of this technique lies in its dependence upon
the electronic quenching rate coefficient. Collisional quenching induces a non-radiative
transition that directly reduces the excited-state population of the molecule and thus the
fluorescence signal. LIF techniques generally require the transport of an NO
fluorescence calibration from a reference flame into the flame of interest. However, this
calibration procedure is acceptable only when both flames can be sufficiently modeled so
as to estimate the electronic quenching rate coefficient, which depends on the local
species composition, pressure, and temperature.

The second technique is termed laser-saturated fluorescence (LSF) and relies on
pumping the population of the excited state toward the maximum population allowed by

molecular dynamics. At this point, the excited population is essentially independent of
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the laser power and the electronic quenching rate coefficient. This tactic allows the
transport of an NO fluorescence calibration into flames that cannot be adequately
modeled, such as the LDI flame used in this work. However, the large laser irradiances
requiredwca'n'severelyrdepotp?illate the ground rovibronic level so that repopulation by
neigﬁooﬁog rotational leveis 7throu‘gh rotational energy ufansfef (RET) causes concern
when attempting to model the molecular dyramic process. A simplified model that
allows for RET population transfer is the balanced cross-rate model proposed by Lucht et
al. (1980). In this model, the validity of the LSF technique rests on a balance between
repopulation into the directly-excited ground rovibronic level and depopulation out of the

directly-excited upper rovibronic level.

2.3.1 Two-Level Model
To introduce the dynamics associated with molecular LIF, it is instructive to
consider a two-level model developed for many atomic species and a limited number of
molecular species. Though not fully representative of molecular dynamics, the two-level
approach will implicitly be assumed to model the molecular rovibronic levels in the
ground and exeited electronic states. A sche:rnatic' of the rate processes involved in this

model is 1llustrated in Figure 3.1,
Folloymg ‘the description of the two-level model detailed by Laurendeau and

- Goldsmith (1989), four assumptions are made: ST e
1. The excitation beam is uniform and linearly polarized.

2. The entire population is assumed o be in level 1 prior to laser

excitation, i.e. N+ N, = Nf. =

3. The sampled fluorescence signal is measured at the temporal peak of the

" emissive pulse, for which the Eoﬁulati;m inlevel 2 is at steady state.

4. The fluorescence signal cons1sts ofa smg]e wavelength correspondmg to

e spontaﬁéous emission from level 2tolevel 1.

Based on the above assumptxons six rate processes are shown in Figure 2 1. These

processes and thexr correspondmg rate coefﬁc1ents (s are: stimulated absorptlon (Wi2),

[ TR T N AN E ] ALY O F e T AT WY R R TR}
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stimulated emission (W), spontaneous emission (A2;), collisional quenching (Q2)),
photoionization (W), and predissociation (P). Photoionization and predissociation are
shown for completeness and will be assumed negligible in the derivation that follows.
Most exited states are not predissociative unless specifically chosen to be so, and
photoionization can often be neglected for modest laser irradiances.

Considering the remaining four rate processes, rate equations for the upper and

lower level populations can be written as

dN
"dt_l="N1W'12+N2(Wv21+A21+Qzl)’ 2.1
and
dN
dt2 =NW, _Nz(vvzn +A,+ Q21) . (2.2

Adding Eq. (2.1) and Eq. (2.2) yields
d(Nl +N 2)

o =0 (2.3)

*

which verifies assumption number two, namely that
N, +N,=N;. (2.4)
Before proceeding to solve for the upper population as a function of the initial

population, we must expand the rate coefficient for stimulated absorption. Following

Eckbreth (1996), we find that

Wy =22 [1,(V)g()dv, @s)

where B is the Einstein coefficient for stimulated absorption (m?/J-s?), 1,(v) is the
laser spectral irradiance (W/m?-s"), and g(v)is the absorption lineshape (s) which is

defined so that
[g(v)av=1. 2.6)
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Wai P

Wiz Wi Az Q21

Figure 2.1:  Schematic of two-level model for LIF. The rate coefficients shown are
stimulated absorption (Wj2), stimulated emission (W), spontaneous
emission (Az;), collisional quenching (Q;), photoionization (W), and
predissociation (P).
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Thus, the excitation efficiency depends on the spectral overlap between the laser and
absorption lineshape. Employing Partridge and Laurendeau’s (1995) nomenclature, we

define the laser spectral irradiance as
1,(v)=LL(v), @27
where I, is the normalized laser spectral irradiance and L{v) is the laser spectral

distribution function which is normalized as

[Lv)av=av,, (2.8)

where Av, is the laser spectral FWHM. The laser irradiance, 1, is thus related to the laser

spectral irradiance by

I=IAv,. | 2.9)
Using the above nomenclature, we find that the stimulated absorption coefficient
becomes
B
W,=—2IT, (2.10a)
c

where I is the dimensionless spectral overlap integral defined by

I=[L(v)g(v)dv. 2.11)
v
Similarly, for stimulated emission,
W, —-?-"11 T (2.10b)
21 T c vt .

where the Einstein coefficients for stimulated absorption and emission are related to the

degeneracies of the upper and lower levels (g; and g2) by
8B, = 8,8y (2.12)

At the peak of the fluorescence pulse, for which the population in level 2 has

reached steady state and 1;/ » =0, Eqgs. (2.1) and (2.4) can be combined to yield

N,=N; Wiz ! (2.13)

B IVVn+VVz] 1+A21+Q21

W + Wy
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To more effectively relate the exited population to the laser power, we define

sal AZI + QZI
I .14
o =B, +B, @19

Employing Eq. (3.10), we can now manipulate Eq. (2.13) to yield

(2.15)

B 1

N2 = N: - sat
B, + B, 1+ g

I, T

At this point, we define two distinct regimes in which to make LIF measurements.

The ﬁrst regime requires that I;T << 1., and is termed hnear LIF owing to the linear

dependence of the excited population on laser irradiance. The sirnpliﬁed expression from

Eq. (2.15) is
| — N® B, I;F o
M_M&ﬁg,c' (2.16)

Unfortunately, linear LIF depends on both the laser irradiance and the collisional
quenching environment, which constltutes this method’s llrmtatlons ,
A second operatmg reg1me reqmres that I r>> I, sat , whlch glves from Eq (2.12)
e )
N,=N—— (2.17)
Pl gte, o
For this saturated LIF regime, the excited population is independent of both the laser

irradiance and the collisional quenchmg rate coefficient, Q,;. This independence

represents the advantage of laser-saturated fluorescence (LSF) over linear LIE. Often the
collisional quenching environment is unknown and cannot be adequately modeled;
therefore, linear LIF measurements would remain qualitative, whereas LSF
measurements could be quantified in such environments. A theoretical plot of the
normahzed upper level populatlon vs. normalized laser irradiance based on Eq. (2.15) is
shown in Figure 2.2. Note the linear operatmg regime and the saturated operating
regime. For comparison, an actual broadband fluorescence signal vs. laser irradiance

curve (termed a “saturation curve”) was measured in a lean (¢=0.8), atmospheric, flat

I TE———T 1
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Figure 2.2:  Theoretical plot of normalized upper level population vs. normalized laser
irradiance based on Eq. (2.15).
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C,H¢/O,/N, flame stabilized on a McKenna burner with a dilution ratio of 3.76 (see Fig.

2.3).
Returning to the nomenclature of Laurendeau and Goldsmith (1989), the

fluorescence yield &, (W/ cm’ -sr) is related to the population of the excited level via

hv
£ =—17A2‘N2, (2.18)
where v, (s™") represents the frequency at which the fluorescence occurs. For this two-

level model, v, is equivalent to the excitation frequency. Molecular LIF often requires

detection at a wavelength different from the excitation wavelength owing to Rayleigh and
Mie scattering interferences. The fluorescence signal depends on both the collection
optics and the detection scheme via 7

V, =BGQ.V.¢,, ' o (2.19)
where V, is the fluorescence voltage measured by the photomultiplier tube, B is the

efficiency of the collection optics, G is the photomultiplier gain (V/W), Q_ is the solid
angle of the collection optics (sr), and V_is the collection volume (cm’). Utilizing Egs.

(2.18) and (2.19), and the expressions for N, via linear LIF or LSF in Egs. (2.16) and
(2.17), the resulting expressions for the measured fluorescence signal as a function of the

initial population in the ground level are:

[
LIF: v, =(V.N;) T Aj‘:’QZ jk )(ﬂG ) (2.20)
: (v w82
LSF: v, =(V.n7) gl+gj(hvaﬂ ) - e

For either of the above expressxons, the first set of parenthéées’ represents the species
population in the ground level available for excitation. The second set of parentheses
repreéents the fraction of the ground level population excited to level two, while the third
set m[;fégeﬁts the ﬂuorescenée emitted from the excited population. The fourth set

represents the fraction of that fluorescence collected by the detection system.
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Normalized Fluorescence

I J I

0.0 0.2 04 0.6 0.8 1.0

Normalized Laser Irradiance (1)

0.0 1

Figure 2.3  Saturation plot demonstrating the transition from linear to saturation
excitation regimes.
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2.3.2 Molecular Dynamic Model

The two-level model is an excellent tool to address the basic rate processes
present in LIF dynamics. For most species of interest in combustion, however, the two-
level model is not sufficiently accurate. Additional rate processes that must be accounted
for in a complete molecular dynamics model include the depopulation of the directly
excited level via rotational energy transfer (RET), vibrational energy transfer (VET), and
photoionization. Another advantage of the molecular dynamic approach lies in its ability
to model not one, but numerous rovibronic transitions from numerous excited levels.
Carter et al. (1987) assessed the influence of these effects on the LIF dynamics of OH at
high pressure, while Reisel er al. 7(1993) performed a similar analysis for NO at
atmospheric pressure.

A schematic of the rate processes involved is illustrated in Figure 2.4. As shown,
the upper and lower laser-coupled rovibronic levels are labeled u and I, respectively.
Vibrational quantum numbers in the upper and lower electronic state are labeled v’ and
v”, respectively. Specific rotational levels in the excited and 7grou1;d ele'ci:tronic state are
indicated as j and k, respectively. The rate processes of concern and thei; respective rate
coefficients are stimulated absorption zmu), stimulated emissioﬁ (W), spontaneous
emission (A;), electronic quenching (Q;x), vibrational relaxatiiin (V,~,~), rotational
relation (R;;), and photoionization (W;). For reasons to be discussed, vibrational
relaxation isi only consideréd 7in the ground electronic state. E]e;:tronic quenching,
vibrational relaxation and rotational relaxation are similar in that these processes involve
collisional transfer of energy with another molecule.

This molecular LIF model contains numerous paths for energy transfer not
available in tﬁe two-level model. Once a molecule is excited into an upper rovibronic
level, ﬁyeﬂ Paths are availabl¢ for energy transfer. The first path is that of
photoionization. The second path is that of spontaneous émlsswn through all available
rovibronic transitions to lower energy levels, labeled globally as Agg, Ao, Aoz, and Ag3
for tfaﬁéiﬁdhg i)étween the upper v’=0 state to the various vibrational levels in the ground
electronic state. The third path, electronic quenching, involves collisional transfer of

energy and subsequent reversion to the ground electronic state without emission of
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radiation. The fourth and fifth paths, vibrational and rotational relaxation, also involve
collisional transfer of energy, and tend to statistically populate the upper and lower
rovibronic manifolds in a process termed “thermalization.” Thermalization of a manifold
involves both vibrational and rotational relaxation paths which force the molecular
population toward a statistical Boltzmann distribution based on the environmental
conditions of the molecular species. Upward vibrational relaxation is much less likely on
a statistical basis; hence, vibrational relaxation is not presented in the upper electronic
state shown in Figure 2.4 since the v’=0 level is typically used for the excitation
transition. Typical detection of NO fluorescence occurs in the v”’=1 level of the ground
electronic state, and vibrational relaxation is included here for completeness.

The cascade of fluorescence from the numerous excited rovibronic levels, which
are coupled with the directly excited level u through rotational relaxation, permits
detection of a vibrational band of fluorescence (Reisel er al., 1993; Carter and
Laurendeau, 1994), as opposed to a single transition as in the two-level model. This
technique, termed broadband LIF, provides a much larger fluorescence signal, but can
allow interferences from other species owing to its larger detection window.
Photoionization of a molecule has the effect of depleting the excited rovibronic level and
its contribution must be assessed for use in the molecular LIF model. Reisel ez al. (1993)
showed the photoionization rate to be comparable to the electronic quenching rate for
saturated LIF studies of NO at atmospheric pressure. For linear LIF studies, however,
photoionization need not be considered owing to the very low laser irradiance.

Following the procedure of the two-level model and the work detailed by Reisel
et al. (1993), we begin by invoking the rate equations for the directly excited upper level
and the rotationally coupled upper levels:

iNA:NzW:u ‘N“{WMI +W, +2Qu.k "'EAu,k}—ZNuRu.j +2N1Rj.u » (2.22)
k k

dt Jru Jj*u

and

dN,
dt, =§j{ mRm.,-—N,-R,.,m}—N,{ZQ,.',‘ +§_:Aj'k}. (2.23)
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Schematlc of molecular dynamlc model for LIF The upper and lower laser-
coupled rovibronic levels are labeled u and I, respectively. Vibrational
quantum numbers in the upper and lower electronic state are labeled as v’ and

v”, respectively. Specific rotational levels in the excited and _ground

electronic state are indicated as j and 1 k, respectlvely The rate processes of

concemn and thexr respecnve rate coefﬁcxents are stimulated absorption (W),
stimulated emission (Wy)), spontaneous emission (4;;), electronic quenching
(Qjx), vibrational relaxation (V,~,-), rotational relaxation (R;x), and
photoionization (W;).

1010 RN e———— T (111

IR AT]



21

To successfully make LIF measurements, the excited population in the upper rotational
manifold, including the directly excited level and the rotationally coupled levels, must
reach a steady-state distribution. We assume that the directly excited population, N,, is
approximately constant at the peak of the fluorescence pulse and that no significant
depletion occurs in the laser-coupled levels. Since the rate coefficient for spontaneous
emission is much smaller than that for electronic quenching, the influence of spontaneous
emission can be neglected in Eq. (2.23). Solving the differential rate equation (2.23) then
yields

N;(D)= _c_t(l;be'ﬁ , (2.24)
where the constants are defined as

a=YN,R,, (2.24a)
mt ]

and

b=3.0,+2 R, (2.24b)
k m# j

Therefore, when bt 225, Nfz) is within 10% of its steady-state population. The total

rotational relaxation rate, ZR im» from a given level of NO at atmospheric flame
m#

conditions is on the order of 10° s’ (Mallard et al., 1982), which results in a response
time for an individual rovibronic level on the order of 1 ns or less. Hence, during a
typical 7-ns laser pulse, the entire upper rotational manifold should be approaching
steady state.

Therefore, assuming steady state of the upper rotational manifold population at
the peak of the emissive pulse, we derive the following expressions for the number
density of the directly excited level and the rotationally coupled levels:

NW,+XNR,
N, = lia , (2.25)
Wy +W,+ 20, + DAy + LR,
k k

Jeu
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and

Y N,R,,
m#E _]
(2.26)
ZQJ" +ZA” +2RM
For broadbandﬁf.ﬁf,wthei fluorescence from each of these transitions can be collected

simultaneously. Through use of Eqs. (2.18) and (2.19), the overall broadband

fluorescence signal will be

)(hvf ){& N, +2AJkN} e

j#u

—e

where V, is the mean frequency (s of the fluorescence transition. Though the above

derivation does not specifically address the mﬂuence of rotatronal energy transfer on

either hnear or saturated LIF, it does reveal the ‘advantage of broadband LIF, namely

more signal when compared to detection of a smgle transition.

2.3.3 Utilization of Laser—Induced Fluorescence
The atmospherlc -pressure study presented d here provides a step toward high-
pressure measurements by assessing the advantages and disadvantages of the three
common LIF-based techmques laser-saturated ﬂuorescence (LSF) linear laser-induced

ﬂuorescence (LIF) and planar laser-mduced ﬂuorescence (PLIF) The first two, 'LSF and

LIF, are spatlally and spectrally resolved narrowband ‘measurements which utlhze a
monochromator to spectrally filter the fluorescence. The probe volume is defined by the

pro;ectlon of the hmrtlng aperture in the detectlon optlcs onto the laser beam. The last

techmque, PLIF is a spectrally broadband measurement ‘which employs anTCCD camera
with a filter set that typically has a wrde spectral detecnon Wrndow and therefore cannot
selectlvely detect the ﬂuorescence of a smgle species. PLIF measurements capture a
complete 2-D 1mage of the ﬂuorescence mduced by the laser sheet as it transverses the
flame. Pressure broadenmg of the absorptron transition will mandate the use of a linear
technique at high pressure. As such, the atmospheric study was designed to determine

the ability of the linear techniques to quantitatively measure NO concentration. In

I v -
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addition, consideration must be given to spectral studies so as to avoid detection of rogue
species. Such studies must assess both scattering and fluorescence interferences that are

often present in the harsh environment of a spray flame.

2.4 Experimental Apparatus

24.1 Optical System

The requisite UV radiation for NO excitation was produced using a Quanta-Ray
GCR-4 Nd:YAG laser, a PDL-3 dye laser, and a WEX-2C wavelength extender. The
Nd:YAG laser incorporated an injection seeder (model 6300) to force a single
longitudinal mode in the laser cavity, which produces a fundamental output vertically-
polarized at 1064 nm. The Nd:YAG fundamental was then frequency doubled (532 nm)
via angle-tuned, type II phase matching in a temperature-stabilized KD*P (KD,POy)
crystal housed in a harmonic generator (model HG-II). The resulting horizontally-
polarized, 532-nm beam and concentric, vertically-polarized, 1064-nm beam were
spatially separated via a dichroic harmonic separator (model DHS-2) by employing two
dichroic mirrors centered at 532 nm. The ensuing vertically-polarized, Nd:YAG second
harmonic was used to pump a tunable dye laser (model PDL-3). Pyrromethene 580 dye
(Partridge and Laurendeau, 1994) was dissolved in 100% ethanol and employed in both
the oscillator and amplifier stages with concentrations of 8.6 x 10* M and 1.2 x 10™* M,
respectively. The PDL oscillator grating drive was modified and interfaced to a 100-to-1
gear reducer and a 200 step-per-revolution stepper motor that provided a spectral
resolution of 4.8 x 10~ nm/step in the PDL fundamental (574 nm).

The vertically-polarized dye fundamental was then frequency doubled (287 nm)
via angle-tuned, type I phase matching within a KD*P crystal housed in the CM-1
module of a WEX-2C wavelength extender. The residual vertically-polarized Nd:YAG
fundamental from the HG-II harmonic generator was frequency mixed with the dye
second harmonic via angle-tuned, type I phase matching within a KD*P crystal housed in
the CM-2 module of the WEX-2C. This frequency mixing process yields an excitation
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wavelength of ~226 nm. The excitation beam was spatially separated from the residual
concentric beams (1064, 574, 287 nm) via a Pellin-Broca prism and exited the WEX-2C
in a vertically-polarized state. In addition, a Fabry-Perot wavelength stabilization system
operating at 572 nm was used to control PDL drift (Cooper and Laurendeau, 1997a).

The optical elements common to both the LSF and LIF experiments are shown
schematically in Figure 2.5. The UV radiation exited the WEX-2C vertically polarized
and was steered using dichroic mirror M1 (CVI model KRF-1037-0). The maximum
beam energy at this point was ~7 ml/pulse. A filter stack (FS1) was used as a gross
~ attenuator, while a Rochon Pﬁsm (RP) was used for fine attenuation of the beam power.
Apertures Al and A2 were used to block scattermg and reflections from optical surfaces.
Adetxonally, aperture A2 hrmted the diameter of the laser input to the spherical lens,
SL1, to ~6 mm. A 1000-mm focal length, fused-silica lens (Newport model SPX034),
SL1, was used to focus the laser beam into the probe Vvolurme. Fused-silica splitter plates
SP1 and SP2 were used to split off ~10% of the beam for power monitoring via
photodiodes PD:A and PD B. A fused-silica right angle prism (CVI model RAP-050-
UV) was used to direct the beam over the burner. Aperture A3 was positioned prior to
the burner and was used to eliminate forward scattering and off-axis focusing in the probe
volume. For the LSF experiments, FS1 and RP were removed since attenuation of the
beam power was not necessary.

A portion of the isotropic fluorescence emitted from the NO molecules in the
probe volume was captured and collimated by a 50-mm diameter, 254-mm focal length,
fused silica spherical lens (CVI model PLCX-50.8-130.8-UV) which is labeled SL2 in
Figure 2.5. To raise the collimated beam vertically to the monochromator entrance slit
height, we used an image rotator, IR, and a 76-mm diameter mirror, M2 (CVI model
PAUV-PM-3050-C). The image rotator consisted of two mirrors identical to M2, which
rotated the probe volume image so that it was aligned parallel to the vertical entrance slit
of the monochromator. A second lens SL3, identical to SL2, was used to focus the
fluorescence onto the monochromator entrance slit. = =

The above collectxon optics layout produced a magnification of unity and an f-

numbcr (f1#) of f/S 9 The unity magnification resulted in a probe volume that is the
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Figure 2.5:  Schematic diagram of the experimental apparatus: M: mirror, FS: filter
stack, RP: Rochon prism, A: aperture, SL: spherical lens, SP: splitter
plate, PD: photodiode, IR: image rotator, LA: linear array, RAP: right
angle prism.
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projection of the monochromator entrance slit over the laser beam axis. To optimize both
the throughput and the theoretical spectral resolution of the monochromator, the
collection optics were configured such that the f/# closely matched that of the
monochromator. The collection optics were limited to {/5.9, whereas the monochromator
f/# was £/6.0.

The fluorescence from NO and other interfering species was spectrally filtered
using a SPEX medelil70()m %-m monochromator. The entrance slit included a vertically
positioned, stepped dlaphragm (2, 5, and 10 mm tal]) and three Hartmann diaphragm
settings (1 mm tall) to limit the pro_lected collectlon volume along the axis of the laser
beam. A 110-mm x 110-mm, 1200 groove/mm holographlc gratmg with a 250-nm blaze
angle was used in first order to provide a dlspersmn of 1.1 nm/mm. The monochromator
grating drive incorporated a 50-to-1 gear reducer and a 200 step-per-revolution stepper
motor to provide a rhinimufn spectral resolution of ~3 x 10 nm/step.

The entrance slit settings were adjuéted depending on the type of experiment
performed. For the LSF expenments the entrance sht was 68-um wide and 1-mm tall
(Hartmann settmg no. 2) Th15 settmg defined a cross-sectional area 68-um wide along
the diameter of the laser beam and 1-mm long along the axis of the laser beam. For an
~240-pum beam Waist, this slit setting spatially integl'ated only the center ~26% of the
beam, thus avoiding linear fluorescence along the wings of the laser beam. However, the
collection scheme was still sensitive to depth-of-field wing effects (Reisel et al., 1993;
Carter et al., 1992). For the LIF experiments, the entrance slit width was opened to
match the beam waist. In this maﬁner; the entire spatial fluorescence was captured which
ensured the inclusion of the linear wings, thus minimizing the focused portion along the
centerline which could tend toward partial saturation.

The exit slit width was set to 1.818 mm, thus defining an integrated spectral
7reg10n of ~2 nm FWHM in the LSF and LIF expenments This settmg was chosen based
on extenswe work by prex;lo;s researchers (Relsel et al., 1993; Partndge et al 1996).
The detection sensor is a photomultiplier tube (Hamamatsu model R106UH-HA) wired

for fast temporal response (Harris et al., 1976).
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For the PLIF experiments, a laser sheet, ~550 um wide by 18 mm tall, is
generated via a cylindrical lens (Newport model SPX034) used in place of SL1, and
passed through the probe volume for NO excitation. A Princeton Instruments model
ICCD-576TC-RG proximity focused ICCD detector incorporating a 578 x 384 pixel,
charge-coupled device (CCD) (Thomson model CSF 7883) with 23-um square pixels was
utilized for detection of the NO fluorescence. The fluorescence was focused on the
ICCD detector by utilizing an aberration-corrected, five fused-silica element, UV-Micro-
Nikkor, 105-mm focal-length /4.5 lens (Nikon Corp., Melville, NY), such that each pixel
corresponds to a 77-um square in the image plane of the flame. A filter set (FS2)
consisting of a wide-band interference filter (92-nm FWHM) spectrally centered at 250
nm (Acton model 250-W-28S), and coupled with 6 mm of a UGS CG filter, was used to
reduce the Mie scattering from the liquid droplets. This filter scheme was selected based
on previous work (Partridge er al., 1996) and provides an ~70-nm FHWM spectral
window with a peak transmission at 270 nm.

An ICCD thermoelectric cooler was used in conjunction with an external water
chiller/circulator (Lauda model RMT-6, Brinkman Instruments) to reduce the temperature
of the ICCD to -32°C. A pulse generator (Princeton Instruments model FG-100) was
used to produce a gate of 30 ns to the ICCD. Operation of the ICCD and supporting
hardware was effected by a detector/controller (Princeton Instruments model ST-130).
The user interface to the ICCD system was provided by CSMA software (version 2.3A,

Princeton Instruments), which was also used for all image analysis and reduction.

2.4.2 LDI burner
The burner utilized here is based on a lean-direct injection (LDI) design and
typifies that used in the primary zone of advanced gas turbine combustors. The stainless
steel LDI module (16.5 cm x 3.8 cm dia.) accommodates a fuel tube (6.4 mm dia.) that
enters the module co-axially at the bottom (see Fig. 2.6). For operation at atmospheric
pressure, a 60° helical swirler (22.9 mm dia.) is mounted at the top of the fuel delivery

tube. The swirler itself is tapped to allow a Delavan 6-mm peanut nozzle (Flow# = 0.4)
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with a 62° spray cone to be directly threaded into the swirler. The nozzle is positioned
vertically relative to the converging/diverging orifice (12.7 mm dia. at 40°). The depth of
- the nozzle below this orifice is adjustable via a slide-through fitting located at the bottom
of the module. The air is preheated to 475 K, delivered perpendicular to the module axis,
and passed through packed glass beads (~1.5 mm dia.) that fill the module cavity (22.9
mm dia.). The glass beads ensure purely vertical flow of the air entering the air swirler.

The swirling motion of the air imparted by the helical vanes in this type of burner
will affect the combustion efficiency, temperature distribution, and exhaust species
concentrations (Jones and Wilhelmi, 1989). Rink and Lefebvre (1989) have performed a
study of the effect of general spray characteristics on NO formation and have shown that
NO, emissions depend on inlet air temperature, combustion pressure, fuel H/C ratio, and
atomization quality. The drop size, which affects combustion efficiency, depends
strongly on the axial and radial flow velocities, but is apparently independent of the
azimuthal velocity (McDonnel et al., 1992).

For the work presented here, the LDI bumer was operated at an overall
equivalence ratio of unity, based on mass inputs to the burner. Since the flame is
unconfined, entrained air will lower the effective equivalence ratio. This operating point
was chosen for our initial atmospheric measurements to provide ample NO and thus
enhanced fluorescence signals to the detection systems. At higher pressures, leaner

overall equivalence ratios are considered, as detailed in Chapters 5 and 6.

2.5 Experimental Approach at Atmospheric Pressure

2.5.1 Spectroscopic Considerations
Previous work in our laboratory has shown considerable success when performing
quantitative narrowband NO concentration measurements in a variety of flames (Reisel
and Laurendeau, 1995; Thomsen et al., 1997; Cooper and Laurendeau, 1997b).
Typically, excitation of the Q2(26.5) line of the y(0,0) vibrational band of NO at 225.58

nm is followed by detection of the y(0,1) vibrational band with a 2-nm window centered
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at 235.78 nm. This combination has been selected based on extensive interference and
background investigations (Reisel et al., 1993; Partridge ez al., 1996). To facilitate use of
this excitation/detection scheme in a liquid droplet environment, we must consider the
possible effects of Mie scattering interference, fuel and fuel-fragment fluorescence, and
_ laser beam extinction. Fortunately, extinction in our LDI flame is minimal, with a

maximum of 7% attenuation of the beam at the 2.5-mm axial height.

2.5.2 Mie Scaltcpng Profiles

Dense droplct regions in spray flames often pose the greatest challenge to
selectively detecting minor species. The large laser irradiances employed for the
saturated-LIF technique exacerbate Mie-scattering breakthrough in monochromators
since the NO signal saturates while that for Mie scattering remains linearly proportional
to laser power. In our case, the narrowband detection window is shifted only ~10 nm
from the excitation wavelength. Because ofit[iifs small shift, the NO fluorescence is
superimposed on a backgroond lérgely comprised of Mie scattering from dense droplet
regions. These locations also offer possible fluorescence from fuel, fuel fragments, and
unburned hydrocarbons (UHC) In particular, when measuring NO fluorescence using a
broarﬂ;;nd PLIF system, ﬂuorescence must be considered from polycyclic aromatic
hydrocarbons (PAH). An effective means to locate those regions in spray flames that are
densely packed with droplets is to measure scattering profiles. Scattered light at the
incident laser wavelength is passed through neutral density filters and collected via the 3-
m monochromator in a 2-nm window centered at ~226 nm. Figure 2.7 indicates the
strong Mie scattering that occurs along the spray, especially at lower heights above the
bumer. As expected, very little interference is present along the centerline since the

burner incorporates a hollow-cone spray nozzle.
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Figure 2.7:  Mie scattering radial profiles for atmospheric LDI flame at four axial
heights.
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2.5.3 Narrowband Excitation Scans

Quantitative NO measurements in spray flames require a background correction
procedure to account for Mie scattering and fluorescence interferences from other
species. Previously, Allen et al. (1995) utilized an off-resonance/on-resonance
excitation scheme to mvesugate fluorescence mterferences in PLIF measurements of OH
concentration. For our flames, an “off-line” excxtatloniwavele;ngthrcan be identified that
offers little to no spectral signature from NO andr other spec1e§ in our detection window.
As a comparative standard for spectral work within the LDI flame, an excitation scan was
obtained in the post-flame region of a lean (¢=0.8), atmospheric C;Hs/O2/N»/NO flame
stabilized on a water-cooled McKenna burner (3.76 dilution ratio) with 80-ppm of doped
NO (Fig. 2.8). In lhis excitation scan, detection occurs by using a fixed 2-nm window
centered at 235. 78 nm i e., within the y(0, l) band of NO. Similarly, an excitation scan
takenath=15 mm, r = 3 mm in the LDI ﬂame is shown and scaled to the reference signal
level at the 225.58-nm excitation wavelength Note the overall baseline offset caused by
Mie scattermg and the similarity of the spectra, indicating that other species such as
unburned hydrocarbons and polycycllc aromatic hydrocarbons are apparently not
observable within the 2-nm narrowband detection window. On this basis, the off-line

location chosen to account for Mie scattering is labeled near 225.53 nm.

2.5.4 Narrowband Detection Scans
The next step in valxdatmg the off-line wavelength subtraction method requires
~ that narrowband detection scans be performed with excitation provided at both the on-
line resonant NO wavelength and the off-line non;resonant wavelength.  These
experiments assess possible NO and hydrocarbon excitations which might occur within
the y(0,1) band of NO. To assess the actual excitation of NO occurring at the off-line
wavelength detecnon scans in the previously mentioned McKenna burner were obtained
' using the off-line location. The results showed ~5% excitation of the y(0,1) band of NO
relative to the on-line excitation signal. Although this influence is undesirable, a 5%

resonant signal can easily be accounted for in data processing.

Fov—

BT

[ LT T TR

(Rl CHTTTRE



33

7
—e— McKenna Bumner
- LDl Burner
6r .
NO P2(34.5) Transition 02 Interference f NO Q2(265) Transition
5 4
3 \
L
3 j
7]
g |\ - -
o Off-line Location
3 35 -
1
[+}]
>
S
3 2
[F] - -
o
1 | —
[ 1 [ 1 I [
225.52 225.53 225.54 225.55 225.56 225.57 225.58 225.59

Excitation Wavelength (nm)

Figure 2.8: Excitation scans in reference McKenna bumer (¢ = 0.8, C:Hg¢/O2/N/NO)
doped with 80 ppm NO and atmospheric LDI burner at h =5 mm, r = 3
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To determine if the Mie scattering spectral wings within the ¥(0,1) band of NO
can be effectively modeled via the chosen off-line excxtatxon wavelength, spectrally broad
and narrow detection scans were taken at various locations in the LDI flame with both
on-line and off-line excitation. Figure 2.9a depicts a typical detection scan at an axial
height of 10 mm and a radius of 12 mm. Figure 2.9b shows more detailed on- and off-
line detection scans at the same location. In both cases, agreement between the on- and
off -line signals is excellent away from the y(0,1) band of NO. It is still possible that
mterferences could exist from UHC and PAH fluorescence in fuel-rich regions of the
spray flame. On the other hand, any fluorescence from large molecules such as UHCs
or PAHs that might exist in fuel-rich regions would likely exhibit broad absorption and
fluorescence signatiires and thus the off-line excitation signal for these types of molecules

would be comparable to that for on-line excitation.

2.5.5 Oxygen Background

) Prevxous work by Partndge et al. (1996) and Thomsen et al (1997) has shown

that an off-line location chosen in the valley between the P2(34 5) transition of NO and
the O, interference labeled in Figure 2. 8 prov1des an effective representation of the
broadband 0)) background at high pressure. In partlcular Thomsen et al. (1997)
demonstrated that this off-line location was transportable over a range of lean
7 equlvalence ratios and d11utxon ratios in prerruxed methane flames. The work reported
here addresses the utlhty of this off-line excitation wavelength with respect to simulation
of the Mie background within the NO y(0,1) band without exciting transitions from other
species. The off-line location reported by Thomsen et al. (1997) is actually shifted to a
slightly shorter wavelength than that chosen here. At atmospheric pressure, the spectral
difference is neghgrble and causes no mterference problems from major species.
i;%fHowever at hlgber bressures the location chosen for this work would lie in the left wing
of the O, interference shown in Frgure 2 8 (T homsen et al., 1997). To emphasize the
necessity of background subtraction for such interferences, Figure 2.10 depicts the

increase in background interference with pressure in CH4/O2/N; flames (¢ = 0.6, N»/O, =
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Figure 2.9:  Detection scans in the atmospheric LDI flame with on- and off-line

excitation for validation of the background subtraction technique for Mie

scattering.
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2.2) stabilized on a water-cooled McKenna burner (Thomsen et al, 1997). Both
background-corrected and uncorrected measurements of NO concentrations are plotted as
a function of pressure. In addition, the equivalent background ‘“concentration” is
included for reference. As can be seen, at atmospheric conditions, the corrected and
uncorrected measurements are nearly identical and the background could essentially be
ignored. However, at 14.6 atm, the background contribution is almost as large as the
actual NO concentration. Hence, ignoring the O, or Mie background in high-pressure

measurements would lead to a gross over determination of NO concentrations.

2.6 Results and Discussion

2.6.1 Point LSF Measurements

The NO number density profile determined via LSF at the 10 mm axial height for
the LDI flame at ¢ = 1.0 is shown in Figure 2.11a. While the entire flame has been
previously mapped (Cooper and Laurendeau, 1998b), Figure 2.11a briefly demonstrates
the utility of the LSF technique. Because LSF measurements are relatively independent
of the electronic quenching rate coefficient, an NO calibration for the LDI measurements
was transferred from that obtained in a suitable reference flame stabilized on a water-
cooled McKenna burner (C;Hg/O2/N2/NO, ¢=0.8, 3.76 dilution ratio). Accuracy bars are
shown at 10-mm radial increments. Typical accuracies at the 95% confidence limit based
on 600 on-line laser shots and 300 off-line laser shots for this operating condition ranged
from +£12% to +30%, with the larger accuracy bars near the peak Mie scattering regions
of the flame. The repeatability for these measurements is ~15%. The symmetry of the
NO profile arises from the intense recirculation of combustion products and air into the
center of the flame (Lee and Chehroudi, 1995). While cross-sections of the spray exhibit
a double-peaked profile (see Fig. 2.7), the internal recirculation zone characteristic of
these highly swirling flames distributes the products of combustion almost symmetrically

throughout the flame.
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‘Figure 2.11: Radial NO profiles obtained with (a) LSF technique, (b) single-point

scaled LIF technique, and (c) single-point scaled PLIF technique in ¢ =
1.0, atmospheric LDI flame at an axial height of 5-mm.
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2.6.2 Point LIF Measurements
Measurements of NO concentration were also obtained while operating in the
linear fluorescence regime (LIF). As in the LSF measurements, a calibration was
transferred from the reference flame; however, in this case, only semi-quantitative NO
concentrations are possible. Since the calibration scales inversely with the electronic
quenching rate coefficient, actual quantitative measurements would require scaling the

LDI measurements using

[N O]LDI ,absolute = ( Qe.lDI )[N (8] ]LDI , relative ’ (2-28)
Qe,cal

However, as the flame environment cannot be adequately modeled to estimate the
electronic quenching rate coefficient, we require another method of quantifying the LIF
measurements. The magnitude of the un-scaled LIF measurements was ~34% greater
than that of the LSF measurements. Possible errors owing to the effects of RET
dynamics on the LSF measurements are not sufficient to account for this deviation
(Cooper et al., 1998). We therefore invoked the more quantitative nature of the LSF
measurements with respect to electronic quenching and presumed that they accurately
represented NO concentrations in the LDI flame. Thus, we enhanced the qualitative
nature of the LIF measurements by suitably scaling the LIF-based NO profiles. By
presuming that the local quenching rate coefficient does not vary significantly within the
LDI flame owing to intense recirculation, this experimentally-based correction can make
use of a single point to scale the LIF profiles (Cooper ef al., 1998). The centerline point
at the 10-mm axial height location was arbitrarily chosen to perform this scaling, and
provided an LIF scaling factor of 0.75.

The results are illustrated in Figure 2.11b, with the accuracy bars of the LSF
measurements shown. The accuracy bars for the LIF measurements are similar and
generally range from £12% to £25%.  Though not displayed here, the LIF-based NO
profiles for the entire flow field from 2.5 mm to 20 mm above the burner collapsed
within the error bars of the LSF profiles (Cooper et al., 1998). The excellent correlation
between the LSF and LIF profiles implies that the local quenching rate coefficient in this
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turbulent flame is essentially constant. The intense recirculation zone characteristic of

highly swirling flames is responsible for the well-mixed nature of this LDI flame.

2.6.3 Point-Extrapolated PLIF Measurements ~

This uniformity of the electronic quenching rate coefficient permits us to consider
PLIF as an additional tool by which to explore the NO concentration field. If the
broadband fluorescence is not plagued by Mie scattering or laser-induced interferences,
i.e., Oz, PAH, or UHC ﬂuorescénce, then the opportunity exists to obtain images of NO
concentration. These images will be spatially correct owing to the uniform electronic
quenching rate coefficient; however, they will remain qualitative without an accurate
estimate of this quenching rate coefficient.

The procedure to convert PLIF images to NO concentrations is as follows
(Cooper et al., 1998) We utilized the on-lirrﬂléﬁwiaivelerigth (225.58 nm) resonant W1th the
Q2(26.5) transition to excite NO molecules. ‘An image was then recorded corresponding
to the on-chip summation of 2400 fluorescence events. The laser was tuned next to the
off-line wavelength (225.53 nm) and a similar image was recorded. The data are then
processed to account for flame luminosity (subtraction), the distribution of energy in the
laser sheet (normalizatiplj), and the scattering background (subtraction). - -

To directly compare the PLIF data with those obtained via LSF, 1-mm squares
‘were averaged throughout the image and horizontal stripes were extracted corresponding
to the radialiproﬁles measured with LSF and LIF, in thig case at h = 10 mm. Considering
the nearly invariant electronic quenching rate coefficient in this flame, the PLIF data
" should accurately scale to within the accuracy bars of the more quantitative LSF
measurements. We chose the centerline point at the 10-mm axial height to perform this
scaling, which provided a PLIF scaling factor of 0.75, in agreement with the LIF
measurements. The results are illustrated in Figure 2.11c.  In general, excellent
agreement is achieved between the PLIF and LSF measurements at atmospheric pressure.
However, the excitation/detection scheme used for the PLIF measurements at 1 atm are

not suitable at higher pressures owing to the larger background produced by preferential
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excitement of molecular oxygen. Fortunately, an alternate procedure appropriate at

higher pressures has been developed, as presented in Chapter 8.

2.7 Improvements to Fluorescence Measurements

The above PLIF measurements utilized broadband detection of the y(0,1), ¥(0,2)
and y(0,3) vibronic bands at 236 nm, 246 nm, and 258 nm, respectively. The filter set for
PLIF utilized a wide-band interference filter centered at 250 nm with a 92-nm FWHM
and 6-mm of UG5 colored glass filters. This combination considerably attenuates the
strong ¥(0,1) band positioned at 236 nm, but has heretofore been necessary to provide
sufficient rejection of Rayleigh and Mie scattering relative to the fluorescence signal.
Through the help of CVI Laser Corporation, we have identified a dichroic mirror capable
of increasing the signal-to-background ratio (SBR) by a factor of four, thus permitting
more accurate LIF-based measurements.

In this section, we compare the previous filter scheme with a CVI LWP-0-R226-
T235-237-PW-2037-UV mirror. This product is a long-wave pass, dichroic beamsplitter
designed to reject 226-nm radiation and transmit 235-nm to 237-nm radiation at zero
angle of incidence. The additional NO bands at 246-nm and 258-nm are also transmitted
owing to the long-wave-pass nature of the mirror. The manufacturer’s spectral traces for
the dichroic indicate a transmission of ~2% at 226 nm and ~80% at 236 nm, while the
UGS has a transmission of ~9% at 226 nm and ~35% at 236 nm (Melles Griot, CVI Laser
Corp.). The 226-nm and 236-nm wavelengths are significant, as these spectral positions
serve as the excitation and principal detection regions for the measurement of [NO].
Typical narrowband LSF experiments at atmospheric pressure employ 2 mm of UG5 to
reject the Mie background. Based on the manufacturers’ spectral traces, an improvement
in the SBR by a factor of ~100 could be achieved by instead using two dichroic mirrors.
This replacement would also yield a five-fold increase in the overall fluorescence
transmission.

Figure 2.12 demonstrates the effectiveness of these filters in rejecting Mie

scattering from droplets when performing narrowband measurements. Mie scattering
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Figure 2.12:
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profiles were taken in the usual manner in a 2-atm LDI spray flame and then compared to
a repeat of the experiment when utilizing two of the dichroic mirrors. Recall that the Mie
scattering profiles are measured by exciting and detecting at the same wavelength; thus
the signal from such measurements is quite strong. Note the total rejection of the Mie-
scattering signal upon insertion of the dichroic mirrors. This rejection should prove
invaluable for both narrow- and broadband measurements at high pressure.

To assess the effectiveness of the different filters in rejecting 226-nm radiation,
we captured 100 Rayleigh scattering events in room temperature air as a single image. A
corresponding background image was subtracted from this initial image and the resulting
image normalized by the laser power, as averaged over 100 laser pulses. From each final
image, a representative region was averaged to determine the intensity of the scattering
signal. A total of 6-mm of UGS colored glass filter was tested and compared with a
single dichroic mirror. The results of this test are displayed in Figure 2.13a, with the
transmission characterized relative to zero mm UG5. We find that a single dichroic
mirror rejects 226-nm radiation equivalent to 6-mm of UGS.

To compare the two filter schemes for PLIF measurements of NO, we performed
detection experiments in the post-flame region of a C,Hg/O2/N,/NO premixed flame (¢ =
0.8) stabilized on a water-cooled McKenna burner and doped with 80 ppm of NO to
enhance the fluorescence signal. Each image consisted of 1800 fluorescence events
binned on chip and corrected for noise and laser power fluctuations. Recognizing that the
image consists of NO and O, fluorescence, as well as contributions from Rayleigh
scattering, it is difficult to isolate the portion of the signal arising solely from NO
excitation. Nevertheless, any PLIF detection scheme will inherently sample these other
signals and rely on a calibration to account for their presence in the spectra. Therefore,
we have defined the total detected fluorescence signal here as the contribution from all
fluorescing and scattering species. Similar to the 226-nm radiation, we calculate the
transmission values and normalize these to the baseline case of zero mm of UGS. The
results of this experiment are shown in Figure 2.13b. In this case, we find that one

dichroic mirror transmits fluorescence equivalent to ~1 mm of UGS.
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To characterize the filter we computed the signal-to-background ratio (SBR),
defined here as the transmission of fluorescence divided by the transmission of the
scattering at the excitation wavelength of 226 nm. These calculated values demonstrate
that a single dichroic mirror delivers a factor of 3.5 increase in SBR as compared to that
of 6-mm of UGS5. This 350% increase in SBR is significant because traditional PLIF
experiments in our laboratory for NO detection in undoped flames (<100 ppm) have
generally displayed overall SBRs of ~2.5:1, which includes scattering and laser-induced
fluorescence interferences. Hence, utilization of 'ihres;e' dichroic mirrors represents an
important advantage that will aid in improving the accuracy of PLIF images for NO

species concentrations, especially at higher pressures.

2.8 Conclusions

We have reviewed the development of suitable laser-induced fluorescence
techniques for measurements of NO concentration in LDI spray flames, including
consideration of the numerous interferences possible in LIF work. These include Mie
scattering, oxygen fluorescence, and fluorescence from hydrocarbon species.
Quantitative LSF measurements have been presented of [NO] obtained in an LDI burner
fueled with liquid heptane at atmospheric pressure. Linear LIF measurements of [NO],
both narrowband linear LIF and broadband planar PLIF, require a scaling correction
” siince a calibration cannot be effected via a reference flame. Because the electronic
quenching rate coefficient is unknown for such complex turbulent flowfields, the LIF and
PLIF profiles have been corrected for collisional effects based on single-point scaling
with the more quantitative LSF data. The agreement between the saturated and scaled
linear techniques is excellent, which provides an opportunity to use a similar procedure at

higher pressures, i.c., single-point scaling to quantify linear fluorescence measurements.
A mr)véirﬁlter has been introduced that effectively rejects Mie scattering in LIF
measurements of NO and significantly increases the signal-to-background ratio (SBR) for

PLIF imagé.ré.r 7Erhploying a dichroic mirror manufactured by CVI Laser Corp., we have
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achieved a 350% increase in SBR for detection of NO in gaseous flames. This
enhancement will prove invaluable for high-pressure PLIF images, for which Mie

scattering from the droplets can overwhelm any NO fluorescence near the dense spray

regions of the flame.
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3. HIGH-PRESSURE EXPERIMENTAL APPARATUS

3.1 Optical System
The requisite UV radiation for NO excitation is produced using a Quanta-Ray

GCR-3 Nd:YAG laser, a PDL-2 dye laser, and a WEX-1 wavelength extender. The
Nd:YAG laser incorporated an intercavity etalon to force a single longitudinal mode in
the laser cavity which produced a fundamental output vertically polarized at 1064 nm.
The Nd: YAG fundamental was then frequency doubled (532 nm) via angle-tuned, type II
phase matching in a temperature-stabilized KD*P (KD;POy) crystal housed in the
harmonic generator (model HG-II). The resulting horizontally polarized, 532-nm beam
and concentric, vertically polarized, 1064-nm beam were spatially separated via a
dichroic harmonic separator (model DHS-2) by employing two dichroic mirrors centered
at 532 nm. The ensuing vertically-polarized, Nd:YAG second harmonic was used to
pump a tunable dye laser (model PDL-2). Rhodamine 590 and Rhodamine 610 were
used in 2.8:1 weight ratios for the PDL-2 oscillator stage, while a ratio of 1.62:1 was used
in the amplifier stage.

The vertically-polarized dye fundamental was then frequency doubled (287 nm)
via angle-tuned, type I phase matching within a KD*P crystal housed in the CM-1
module of a WEX-2C wavelength extender. The residual vertically-polarized Nd:YAG
fundamental from the HG-II harmonic generator was frequency mixed with the dye
second harmonic via angle-tuned, type I phase matching within a KD*P crystal housed in
the CM-2 module of the WEX-1. The frequency mixing process yields an excitation
wavelength of ~226 nm. The excitation beam was spatially separated from the residual
concentric beams (1064, 574, 287 nm) via a Pellin-Broca prism and exited the WEX-2C
in a vertically-polarized state. In addition, a Fabry-Perot wavelength stabilization system

was used to control PDL drift (Cooper and Laurendeau, 1997). This system utilizes a
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residual of the 574-nm radiation leaving the WEX-1 and distributes the energy through a
Fabry-Perot etalon. A cross section of the resulting ring pattern is imaged on a linear
array, (Hamamatsu N-MOS model# $3903-1024Q). The wavelength of the mixed UV
beam can be correlated to the ring diameters and serves as an effective control for the dye
laser.
The optical elements for the LIF experiments are shown schematically in Figure

3.1. The UV radiation exited the WEX-1 vertically polarized and was immediately
passed through a fused-sﬂlca beam s;)htter plate (BS) to split off ~10% of the beam to
tngger the 7data acqu1smon system via PD: Tng The maximum beam energy at this point
 was ~2 5 mJ/pulse Aperture AAI used to remove stray radiation exiting the WEX-1, was
B placed 1mmed1ately in front of lens Ll (CVI model PLCX 25 4-772.6- UV), a_1500-mm
focal length plano-convex UV lens A beam elevatmg system BES, was then used to

elevate and steer the beam 90 degrees. "The BES consisted of two right angle prisms
: (CVI model RAP-OSO UV) locatedon mdependent horizontal and vertical translation
stages A filter wheel (Newport model FW- UV) was used to attenuate the beam energy
for LIF experlments PD:A monitored the laser energy via a beam splitter and a
diverging lens L2. Lens L2 is a critical component that decreases the spatial sensitivity
of the photodlode by dlstnbutmg the radiative energy over a larger diameter on the
 surface of the opal diffuser located in the photodlode housing. Aperture A3 was used to
block scattering and reflections from optical surfaces. Aperture A4 was positioned prior
to the burner and was used to eliminate forward scattermg and off-axis focusing in the

probe volume The beam was then focused into the high- pressure vessel (HPV) which

‘was mounted on mdependent vertlcal (VS) and horizontal (HS) translation stages. For
beam extmctlon expenments a second photodlode (PD:B) was placed aft of the vessel in
r order to measure the beam energy steered via a rlght -angle prism (RAP) identical to those

in the BES The beam diameter at the focal position based on the 10%-90% cumulative

. fEnergy dxstnbutlon was 650 um.

A portlon of the 1sotrop1c ﬂuorescence ermtted from the NO molecules in the probe

EraEmneE . ret

h volume was captured and collimated by a 50.8-mm diameter, 309-mm focal length, fused
silica spherical lens (CVI model PLCX-50.8-130.8-UV) which is labeled L3 in '
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Figure 3.1:

Schematic diagram of the experimental apparatus: M: mirror, FS: filter
stack, A: aperture, L: spherical lens, BS: splitter plate, PD: photodiode,
BES: elevation assembly, LA: linear array, RAP: right angle prism, MC:
monochromator, PMT: photomultiplier tube, HPV: high-pressure vessel,
HS: horizontal translation stage, VS: vertical translation stage.
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Figure 3.1. The detection system is designed with a 1:1 magnification using identical
lenses L3 and I4. A filter stack (FS) placed between the lenses incorporates two dichroic
mirrors (CVI model LWP-0-R226-T235-237-PW-2037-UV) to filter out Rayleigh and
Mie scattering. Additional neutral density filters were placed in FS as needed to ensure
that the photomultiplier tube was not saturated during the measurements.

The above collection optics layout produced a magnification of unity and an f-
number (f/#) of /6.4. The unity magnification resulted in a probe volume that is the
projection of the monochromator entrance slit over the laser beam axis. However, only
the slit projection along the beam length defines the probe dimensions. The beam
diameter is smaller than the limiting slide aperture and thus it defines the height of the
probe volume. To optimize both the throughput and the theeretical spectral resolution of
the monochromator, the collection optics were conﬁgured suci; that the f/# closely
matched that of the monochromator. |

The ¥2-m monochromator (SPEX model SOOM) was ﬁtted with a photomultiplier
tube (PMT) housmg that contained a Hamamatsu R106UH-HA wired for fast temporal
resolution (Hams et al., 1976). A lens (CVI model PLCX-25.4-20.6-UV) was used to

focus the diverging radiation from the exit slit of the monochromator to the full-width of
~ the PMT window (see Fig 3.2). For the LIF experiments, the fluorescence signal was
temporally integrated over 20 ns. The linearity of the PMT was measured over three
orders; of magnitude by referencing the PMT output voltage (current termination of 50 2)
to known Rayleigh scattering signals. Figure 3.3 demonstrates the excellent linearity of
 the PMT and the dynamic range of 100:1. |
For the LIF experiments, the entrance slit was 1-mm wide, thus defining a probe
volume 650 um'alor'lg the diameter of the laser beam and 1-mm long along the axis of the
laser beam.  The exit slit width was set to define an integrated spectral region of ~2 nm
FWHM. This setting was chosen based on extensive work by previous researchers
(Relsel et al., 1993; Partrxdge etal, 1996).
- Photedlodes PD:A and PD:B were used to measure the laser power and monitor
shot- to—shpt 7fl].17ctuatxons. These detectors (Thorlabs DET 200) used PIN silicon
bhotodiedes w:thfhlgh uv sensitivity mounted in circuits designed for high-speed light
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detection. To minimize beam-positioning effects on the photodiode, an opal diffuser
(Oriel model 48110) was placed ahead of the front photodiode surface. The linearity of
the photodiode response was maintained with sufficient neutral-density and color-glass
filters. The signals from the photodiodes were temporally integrated over a 20-ns gate.
The linearity of the photodiodes was measured over three orders of magnitude by
referencing the PMT output voltage (current termination of 50 &) to known Rayleigh
scattering signals. Figure 3.4 demonstrates the excellent linearity of the PD and the
dynamic range of 10:1.

For the PLIF experiments, a sheet of laser irradiance ~800 um wide, is generated
via a cylindrical lens and passed through the probe volume for NO excitation. The
modified layout for the PLIF measurements is pictured in Figure 3.5. Mirror M1 (CVI
model PAUV-PM-3050-C) is used to steer the fluorescence 90 degrees toward the PLIF
camera. A Princeton Instruments model ICCD-576TC-RG proximity focused ICCD
detector incorporating a 578 x 384 pixel, charge-coupled device (ICCD) (Thomson
model CSF 7883) with 23-um square pixels is utilized for detection of the NO
fluorescence. The fluorescence is focused on the ICCD detector by utilizing an
aberration-corrected, five fused-silica element, UV-Micro-Nikkor, 105-mm focal length
f/4.5 lens (Nikon Corp., Melville, NY), such that each pixel corresponds to a 77 pum
square in the image plane of the flame. A filter set (FS) consisting of a wide-band
interference filter (92-nm FWHM) spectrally centered at 250 nm (Acton model 250-W-
2S), and coupled with three dichroic mirrors (CVI model LWP-0-R226-T235-237-PW-
2037-UV), is used to reduce the Mie scattering from the liquid droplets.

An ICCD thermoelectric cooler is used in conjunction with an external water
chiller/circulator (L.auda modql RMT-6, Brinkman Instruments) to reduce the temperature
of the CCD to -32°C. A pulse generator (Princeton Instruments model FG-100) is used
to produce a gate of 20 ns to the ICCD. Operation of the ICCD and supporting hardware
is controlled by a detector-controller (Princeton Instruments model ST-130). The user
interface to the ICCD system is provided by WinSPEC software, which is also used for

all image analysis and reduction.
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Figure 3.5:  Schematic diagram of the PLIF experimental apparatus: M: mirror, FS:

filter stack, A: aperture, L: spherical lens, BS: splitter plate, PD:
photodiode, BES: elevation assembly, LA: linear array, RAP: right angle
prism, HPV: high-pressure vessel, HS: horizontal translation stage, VS:
vertical translation stage. '
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3.2 High-Pressure Facility
The high-pressure vessel (see Fig. 3.6) is custom-built (Parr Instrument Co.) and

incorporates a water jacket and three UV fused-silica windows for transmission of the
beam and ensuing fluorescence. The vessel is rated at 3.1 MPa internal pressure and 700
K internal wall temperature. The water jacket is a critical component that allows flame
temperatures to be sustained inside the vessel. The bumner utilized here was based on a
lean direct-injection (LDI) design and typifies that used in the primary zone of advanced
gas turbine combustors The stainless steel LDI module (see Fig. 3.7) internal to the
vessel (11 43 mm ID) accommodates a fuel tube (3.175 mm dia.) that enters the module
outsxde of the vessel ‘A 60° helical swirler (1143 mm dla ) was mounted at the top of the
fuel dehvery tube. The sw1rler itself was tapped to allow a macrolaminate Parker-
Hannifan hollow-cone pressure -atomized spray nozzIe (OD = 5.3 mm) to be directly
threaded into the swirler. The nozzle was positioned vertically relative to a
eonvergirr'xigf/di‘Verging orifice _(10._‘1_6 mm dia. ét 40°). The depth of the nozzle below this
orifice (5.64 mm) was adjustzfgle via copper washers located at the bottom of the module.
Additionally, the orifice was mounted to the stem via a threaded channel and could be
adjusted relaﬁ;}e to the nozzle if needed. The main air was preheated in each experiment
and dehvered axxally to the module axis. The co-flow air was introduced to the burner via
three holes in the bottom flange. A cap assembly was fitted over the main stem which
allowed the co-flow air to enter the flowfield via the central orifice shown in Figure 4.6.
The purpose of the co-flow air was to aid in flame stabilization at low pressures since the
outer recircﬁiation zone of the flame hindered flame stability.

’i‘hewﬁileideliver'y system incorbdfa;fed a four-gallon, stainless-steel pressure vessel
rated at 5.3 MPa. The stored heptane was pressurized with nitrogen at 1.5 MPa and
metered via a rotameter flow controller. The air was provided from a building
compressor. The air flows for the main and co-flow passages were adjusted with
metering valves and monitored with Hastings model HFM-230 fast-response thermal
mass flow meters. Preheating was achieved with two in-line air heaters controlled with
voltage regulators. The maximuxﬁ preheat air temperature was limited by boiling within

the fuel mb'e", which leads to vapor lock in the injector.
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Figure 3.6:  High-pressure vessel cutaway view.
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The small size of the vessel (22.2 cm OD, 15.2 ¢cm ID) required a translation
system capable of translating the full weight of the vessel both vertically and
horizontally. The vertical translation stage (Daedal model 406014ET-MS-D2-L2-C4-
M3-W1) is a modified single-axis series 406000ET linear table with an extended 16-inch
carriage. The table has a travel of 101.6 mm, a positional accuracy of 89 um, and a
positional repeatability of + 51 um. The modified table includes heavy-duty, angular-
contact bearings to support a 135 kg axial load, a fail-safe electric brake, and optical
limit‘home switches for over-travel safety. A Parker model PDX-15-83-135 single-axis
drive/indexer coupled with a 1.92 kg-cm’ rotor inertia motor provides for vertical
positioning of the burner relative to the detection system. A right-angle bracket is used to
attach the stage to the optical table. An additional right-angle carriage is mounted to the
faceplate of the vertical linear table to hold the horizontal stage.

The horizontal stage (Daedal standard model 315801 AT-ES-D4-L2-C2-M1-El) is
an open-frame linear table with a travel of 200 mm, a positional accuracy of 40 um, and a
positional repeatability of + 25 um. The table includes limit/home magnetic switches for
over-travel safety. A Parker model PDX-13-57-102 single-axis drive/indexer coupled
with a 0.309 kg-cm? rotor inertia motor provides for horizontal positioning of the burner
relative to the detection system. Precise step control was achieved through an interface
with LabVIEW software. The high-pressure vessel is mounted on the open-frame linear
table via a base plate designed to secure the vessel and to allow for feed through of air

and fuel lines through the optical table.

3.3 Data-Acquisition System
The data acquisition system designed for this work utilized two 486 desktop PCs

and one 386 desktop PC (see Fig. 3.8). Two of the systems incorporated LabVIEW 3.0
based software interfaces to the control and monitoring systems labeled in Figure 3.8. A
Stanford Research Systems NIM crate housing four SR250 gated integrators/boxcar

averagers and an SR265 computer interface module served as the data sampling and



Dell 486 Dell 386 Gateway 486
Tr‘a’ﬁ:;:::) . Mass Flow ICCD Detector
Stage Controllers Controller
Horizontal ~Wavelength
Translation Feedback
Stage System
Monochromator Dye Laser Motor )
Grating Drive Drive
Boxcar
Interface

Figure 3.8: Data-acquisition system overview.
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filtering system for the photodiodes and the photomultiplier tube in the LIF experiments.
Only the photodiodes were sampled in the PLIF experiments. Each of the SR250 gated
integrators/boxcar averagers provided gate position, width control, and signal
amplification. The SR265 computer interface module allowed the sampled data from the
above photo-electric channels to be transferred to the PC via a GPIB channel. The
wavelength feedback system was monitored through an SCB-68 DAQ interface to sample
the various channels from the linear array. Control of the burner translation stages and
the PDL grating was achieved by serial interfaces to stepper motor drive systems. The
monochromator grating drive was a stand alone module designed to receive pulses from
the DAQ board and move the motor accordingly. The memory requirement for image

acquisition mandated a stand-along PC system for the ICCD detector-controller.
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4 DEVELOPMENT AND APPLICATION OF A QUANT ITATIVE CALIBRATION

SCHEME FOR 2- ATM LEAN DIRECT-INJECT ION SPRAY FLAMES

41 Trodueion

In this chapter we report spatially resolved laser-lnduced ﬂuorescence (LIF)

' measurements of nitric ox1de (NO) ina preheated two-atmosphere lean dJrect-m_]ectlon
(I.DI) spray flame The spray is produced by a hollow-cone pressure atomlzed nozzle
supplied with liquid heptane. NO is excited via the Q2(26.5) transition of the y(0,0) band.
Detection is performed in a 2-nm region centered on the y(0,1) band. A complete scheme
is developed by which quantitative NO concentrations in high-pressure LDI spray flames
can be measured by applying linear LIF. Standard excitation and detection scans are
performed to assess possible interferences and to verify a non-resonant wavelength for
subtracting the influence of oxygen interferences and Mie scattering in the NO detection
vuiudew. NO is doped into the reactants and convected through the flame with no
apparent destruction, thus allowing an NO fluorescence calibration to be taken inside the
flame environment. The in-situ calibration scheme is validated by comparisons to a
reference flame. Relative axial calibration slopes are utilized in order to obtain radial
profiles of absolute NO concentrations. These quantitative NO profiles are presented and
analyzed so as to better understand the operation of lean-direct injectors for gas turbine

combustors.

4.2 Background
Much of the current research on gas-turbine combustors is ultimately aimed at

reducing NOy emissions. Of the numerous possibilities to approach NO, reduction, the

utilization of swirl-based geometries provides excellent potential. Swirl has been the
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focus of numerous publications, each incorporating this approach in a unique manner. In
general, swirl is imparted to the combustion air via annular guide vanes or by upstream
tangential air injection. The effect of swirl is to create a torroidal recirculation zone
which, for non-premixed combustion, promotes more efficient fuel/air mixing and
provides flame stabilization. For premixed combustion, recirculation produces a region
of hot combustion products that aids in flame anchoring at either an upstream or
downstream stagnation point (Yegian and Cheng, 1998).

Though swirl provides numerous benefits to improve combustor design, a
systematic understanding of how NO, emissions are affected by specific properties of the
recirculation zone remains elusive. Chen (1995) studied the effects of swirl number,
overall equivalence ratio, Reynolds number based on primary air velocity, and residence
time within the recirculation zone on NO, emissions for nonpremixed hydrogen-air
flames. The burner consisted of a fuel tube centered in a quarl that provided co-axial air
with or without swirl. Annular co-flow was supplied about the quarl assembly at 2% of
the primary air velocity to avoid possible wall effects associated with the enclosure used
to measure NO, emissions. Chen (1995) found that for a given primary Reynolds
number and overall equivalence ratio (¢, = 0.5), EINO, remained essentially constant
with increasing swirl number once the recirculation zone was established. Moreover,
EINO, decreased for a given swirl number as the Reynolds number increased past
10,000. EINO, was also found to increase as ¢, rose from 0.2 to 0.6 for Re = 20,000-
30,000 at a swirl number S = 1.1. Chen (1995) correlated this increase to the volume of
the flame, which rose with increasing ¢,. A time scale suitable for correlation of EINO
was found to depend on the properties of the recirculation zone as opposed to the nozzle
exit velocity. In particular, NO, emissions decreased with a reduction in the residence
time within the recirculation zone. Chen (1995) also concluded that the recirculation
zone is generally shielded from the surrounding air and that the products of combustion
do not mix with this air until they proceed downstream of the recirculation zone.

In a follow-on effort, Chen (1996) studied the influence of hydrocarbons on NOx
emissions by replacing the hydrogen with a 50% CH4-50% H: fuel mixture. Similar

results were recorded with the exception that the emission level increased significantly
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with rising swirl number. Chen (1996) attributed this observation to the increasing
importance of prompt NO at higher swirl owing to the reduction in residence time
available for the formation of thermal NO.

Cheng et al. (1998) studied unconfined methane jet flames with swirl imparted to
the flow via a six-vane co-annular flow guide (45° or 55°) that provided swirl numbers of
S =0.7 or S = 1.0, respectively. Variations were considered in the ratio of momentum
flux of the fuel to that of the swirling air. Methane was supplied with either an axial
injector or an annular injector incorpofatingr four holes inclined at 45°. Standard gas
analyzers were used with a stainless steel sampling probe to measure the post-flame
emission levels. Chenget 7cjzl.7 (1998) found that strong ngi'rl, low momentum flux ratios,
and annular fuel ii;jeétion decidedly reduced NOy ;missions. In particular, annular
injection produced less NOy emissions when compared with axial injection owing to the
straining of fue]r Vinto the shear layer. Strong 7swiwr]7 and low momentum flux ratios
produced rapid mixing, thus increasing mixture homogeneity and shortening the
characteristic time for NO; formation. In comparison, CO emissions were found to
increase with strong swirl and low momentum flux ratios and to decrease with annular
fuel injection.

Shaffar and Samuelsen (1998) tested a similar burner incorporating radial
injection of liquid fuel from eight holes into swirled air, which then passed through a
venturi into the combustion zone. The premixedness of the mixture arose from the swirl
and the flow time before combustion. Jet-A aviation fuel was tested with preheated
combustion air at 1 and 5 atm, with NO, emissions monitored at only 5 atm. The
reported measurements of NO, correlated with calculated flame temperatures, indicating
that the NO, was primarily thermal in origin. EINOy values ranged from ~0.8 g/kg at an
adiabatic flame temperature of ~1750 K to ~8.5 g/kg at ~2230 K.

Control of fuel and air mixing is a dominant factor in reducing NO, formation, as
this process determines the local radical pool, oxygen concentration, and flame
temperature (Gupta, 1997). One important combustor design that often incorporates
swirl is lean-premixed combustion. Although lean-premixed burners offer significant

reduction of NO, owing to lower flame temperatures, these bumners often have drawbacks
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associated with lean blow-off, acoustic instability, and increased size and weight. An
alternate design incorporating swirl is that of lean direct-injection, which often employs a
hollow-cone spray, thus effectively straining the injected fuel into the shear layer of the
swirling air.

Alkabie et al. (1988) performed a study of flame stability, NO, emissions, and
combustion efficiency for propane and natural gas fired, lean direct-injection (LDI)
combustors operating at atmospheric pressure. The burners employed a radial swirler
design with fuel issuing from eight radial holes on a central fuel tube. The NOy levels
displayed a strong dependence on overall equivalence ratio, with a minimum NOy level
close to 10 ppm at ¢, = 0.3 when corrected to 15% oxygen.

Hayashi (1995) compared the LDI-based configuration against a lean premixed-
prevaporized (LPP) configuration, both burning kerosene and supplied with pre-heated
air at atmospheric pressure in a confined combustion chamber. The direct-injection
burner incorporated a co-rotational double swirler with a solid-cone fuel nozzle having a
60° nominal spray angle. The premixed burner was similar to the LDI burmer, but with a
mixing tube placed between the nozzle/swirler assembly and the combustion chamber.
A strong dependence of NO, emissions on overall equivalence ratio was reported for the
LDI system, with levels of ~0.2 g/kg at ¢, =0.6 and ~4 g/kg at ¢, = 1.0 for an inlet air
temperature of 650 K. Hayashi (1995) also reported higher combustion efficiencies in
the direct-injection mode and comparable NO, emissions when the LDI burner was
operated leaner than the LPP burner.

Cooper and Laurendeau (1998a) developed a saturated-LIF (LSF) technique
capable of quantitative measurements of NO concentration in an atmospheric,
unconfined, swirl-stabilized spray flame based on a lean direct-injection design. The
burner incorporated a helical swirler with a central hollow-cone, pressure-atomized spray
nozzle supplied with liquid heptane. A converging/diverging orifice was positioned
immediately after the swirler/injector assembly. The diagnostic technique incorporated a
subtraction method to remove Mie-scattering background from the NO fluorescence

signal. Because of the inherently low sensitivity of LSF to variations in the electronic
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quenching rate coefficient, a fluorescence calibration developed in a reference flame
could be successfully transported to the LDI spray flame.

Cooper er al. (1998) continued the previous atmospheric work by comparing
linear-LIF based techniqlies, both point-LIF and planar-LIF, to fhe LSF method. Because
the linear techniques could not employ a transported calibration, the entire flow field was
scaled by the ratio of a linear to a saturated fluorescence signﬁl at a single point in the
measurement field.  This procedure :'prod'uced an NO flow field for the linear
measurements which fell eritireiy within the accurracr); bars of the more quantitative LSF
measurements. In this way, Cooper er al. (1998) demonstrated the feasibility of a
potential calibration meth;o:atir’or hiigh-pres;sﬁrre LIF measurements of NO in spray flames.
Here, we follow this work by detailing a successful calibration technique that promises

quantitative measurements of NO at 1-10 atm.

4.3 rating Conditions

The LDI burner is operated at a main equivalence ratio ¢ = 0.9, with heptane fuel
supplied to the nozzle at 0.165 g/s and air at 2.78 gfs. Though this condition does not
fully model lean operation of the LDI module, it was chosen here to provide ample NO in
the combustion products. An additional co-flow is added to aid in flame stabilization,
which would provide an overall ¢, = 0.81 if this air were completely entrained into the
combustion products. The pressure is nominally reported at 2 atm, though the actual
operating pressure was 2.09 atm. The main air is preheated to 375 K to assist in
vaporization and mixing of the fuel. The nozzle is located 12 mm below the top of the
burner. Because of intense mixing, the resulting flame is essentially non-sooting and

blue.
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4.4 Spectral Validation

4.4.1 Excitation/Detection Scheme

Our previous work addressed an excitation/detection scheme for use in
atmospheric-pressure LDI flames (Cooper and Laurendeau, 1998a). Excitation of the
Q2(26.5) line of the y(0,0) band of NO at 225.58 nm is followed by detection of the ¥(0,1)
band with a 2-nm window centered at 235.78 nm. An off-line wavelength at ~225.53 nm
is excited and monitored as a measure of the ubiquitous background for the NO
fluorescence signals. This combination has been selected based on extensive interference
and background investigations (Reisel ez al., 1993; Partridge et al., 1996) and has shown
considerable success in a variety of flames produced with gaseous and liquid fuels
(Reisel and Laurendeau, 1995; Thomsen et al., 1997; Cooper and Laurendeau, 1998b).
The scheme has been particularly useful in high-pressure (1-15 atm) CH4/O,/N; flames
(Thomsen et al., 1997). For atmospheric sprays, the utility of this scheme lies in the
subtraction of Mie-scattering interferences that break through the monochromator despite
the ~10-nm separation between the excitation and detection wavelengths (Cooper and
Laurendeau, 1998a). At higher pressures, such a scheme is critical to the detection of NO
levels below 10 ppm owing to the background produced by the O; Schumann-Runge
spectrum (Thomsen et al., 1997).

4.4.2 Mie Scattering Profiles

To facilitate use of this excitation/detection scheme in a liquid droplet
environment at higher pressures than those in the previous atmospheric work (Cooper and
Laurendeau, 1998a), we must re-consider the possible effects of Mie scattering
interference, fuel and fuel-fragment fluorescence, and laser beam extinction. We first
assessed the influence of Mie scattering by measuring scattering profiles in order to
locate regions of heavy droplet interference. Scattered light at the incident laser
wavelength is passed through neutral density filters and collected via a '2-m

monochromator in a 2-nm window centered at ~226 nm. Figure 4.1 indicates the strong
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Mie scattering that occurs along the spray, especially at lower heights above the bumner.
The profiles are quite different from those measured in the previous atmospheric-pressure
LDI work (Cooper and Laurendeau, 1998a). In particular, the previous LDI
measurements resulted in ax1symmetr1c double-peaked proﬁles that followed the typical
spray sheath associated with strongly swirling spray flames (Lee and Chehroudi, 1995).

However the low ﬂow rates requ1red to stablhze the present 2 -atm ﬂame reduces the

strength of _Ehf rec1rculat10n zone and the efﬁcwncy of the atormzer Accordmgly, the
Mle scattermg profiles demonstrate the symrnetnc features shown in Frgure 4.2. Mie
scattering proﬁles at ~higher pressures y1eld the ~ more typrcal double-
peaked structure as the strength of the recrrculatxon zone mcreases and the atomization

rquahty 1mproves (see Chapter 5). In addition, as drscussed in Chapter 3 two special CVI

7 'd1chr01c beamsphtters can be employed for NO detect1on to minimize any resulting

mterferences from Mie scattermg (Cooper and Laurendeau 1999a)

4 4. 3 Excrtatlon and Detectlon Scans

Excrtatron and detectlon scans were next performed to assess the level of potential
mterferences assoc1ated w1th possrble unbumed hydrocarbons A reference
C;Hg/O2/N2/NO flat flame (¢ = 0.8) stabilized on a water-cooled McKenna burner (3.76
dilution ratio) was utilized for comparlson. The spectral signatures from NO and (073
have been previously well characteriz'ed' in such flames (Partridge et al., 1996). Hence, a
comparison of spectral scans taken in thls standard flame with those obtained in the LDI
case should aid in the 1dent1ﬁcatron of any interferences resulting from hydrocarbon
: ﬂuorescence Flgure 4. 2 lllustrates two excitation scans: one taken in the flat flame with
40 ppm of NO doped mto the ﬂame to help deﬁne the y(O 1) band structure and one taken
along the centerline at the 15-mm height in the LDI flame with ~80 ppm of NO doped
into the flame. The excellent similarity indicates that other species such as unburned
hydrocarbons and polycyclic aromatic hydrocarbonsare apparently not excited within the

2-nm detection window. Moreover, the ratio of the on-line to off-line signals
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Figure 4.1:  Mie scattering radial profiles for 2-atm LDI flame [y, = 0.165 g/s, ¢=
0.9, Tair preheat = 375 K] at five axial heights.
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demonstrates that the oxygen background and Mie scattering breakthrough are negligible
for this particular combination of measurement location and operating condition.

A comparative detection scan for the LDI module was also obtained at this
location (h = 15 mm, r = 0 mm). Figure 4.3 shows detection scans for the ¥(0,1) region
with conditions identical to those in the above excitation scans except that the width of
the detection window was reduced to 0.5 nm. Again, no unique features are present in
Figure 4.4, indicating that the excitation/detection scheme used previously (Cooper and

Laurendeau, 1998a) is appropriate for this 2-atm spray flame.

4.5 In-Situ Calibration Method

4.5.1 Theory

Having validated the excitation/detection scheme for this particular spray flame, it
became necessary to devise a calibration method by which to quantity the fluorescence
measurements. Previous atmospheric measurements (Cooper et al., 1998a) utilized the
laser-saturated fluorescence (LSF) methodology. Because of the low sensitivity of LSF
to variations in the electronic quenching rate coefficient, a calibration obtained in a
reference flame could be transported to the LDI flame so as to quantify the associated NO
fluorescence measurements. A similar calibration technique for linear LIF was found to
produce erroneous results when compared to saturated LIF. Specifically, the linear LIF-
based measurements were 34% larger than the LSF-based measurements throughout the
entire flame structure. This scaling results from the ratio of electronic quenching rate
coefficients (Paul et al., 1994) in the calibration and the LDI flame. To accurately

transfer a calibration from one flame environment to another, the following scaling law

must hold:

[NO.or. absotue =(%ﬂJ[No]w,.m-w- @4.1)

e,ref
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In other words, the concentration measurements relative to the calibration obtained in the
reference flame, [NOLp reiarive» must be scaled by the ratio of the electronic quenching
rate coefficients in the LDI and reference flames. This procedure yields absolute
concentration measurements, [NOl.prapsonre. While species profiles for a flat, premixed
reference flame can be accurately predicted via PREMIX (Kee et al., 1995), the LDI
flame cannot be adequately modeled so as to provide the distribution of major species
concentrations. Hence, an estimate cannot be determined for the required ratio of local
electronic quenching rate coefficients.

The results from our atmospheric study demonstrate that the central region of the
recirculation zone can provide a successful fluorescence calibration, barring any
destruction of NO as it is transported from the reactants to this region (Cooper et al.,
1998). In a similar manner, the post-flame zone of a lean, flat flame stabilized on a
reference McKenna bumer is often used for fluorescence calibrations. A key
consideration of any in-situ calibration method based on doped species is the potential
destruction of that species. Doped NO in spray flames must be transported through the
rich regions surrounding the liquid droplets, possibly promoting NO destruction.
Moreover, the degree of local partial premixing and the local strain rate could play a large
role in the destruction of NO. These issues are not readily modeled for the LDI flame, so
that an experimental validation is required for any in-situ doping process.

Following Cooper and Laurendeau (1998a) and Thomsen et al. (1997), we
utilized on- and off-line excitation to obtain calibration curves by varying the amount of
NO doped into the flame. The off-line wavelength was chosen to have the same
background signal as the on-line wavelength. As such, the intersection of the on-line and
off-line calibration curves produces an offset signal corresponding to zero NO
concentration that reflects the O, fluorescence and Mie scattering background common to
both wavelengths, as demonstrated in Figure 4.4. Mathematically, the calibration process
can be represented by the following development. First, the LIF signal (LIFon)

determined from the PMT and photodiode measurements during on-line excitation is

LIF, =LIF, , +S,, 4.2)
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Figure 4.4:  Sample calibration curve for high-pressure LIF measurements of NO,

illustrating the subtraction technique when utilizing an on-line and off-line
calibration referenced to the same LIF background.
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where LIFy,. represents the O, fluorescence and Mie scattering background and Sen is the
actual NO linear fluorescence signal resulting from on-line excitation. Similarly, the off-
line LIF signal (LIF,¢) can be represented as

LIF, =LIF, , + Soff 4.3)
where S,z is the NO fluorescence signal resulting from off-line excitation. An off-line
NO fluorescence signal always occurs since it is impossible to completely avoid the

partial excitation of an NO transition.

The on-line and off-line linear fluorescence signals are proportional to their

respective calibration slopes, m,, and mg:

Son =M,,[NO], (4.4)
So =My [NOJ. 4.5)
Subtracting Eq. (4.3) from Eq, (4.2), we obtain
LIF, ~LIF,; =S, ~S,. “6)
By defining the net calibration slope, My, as
m,, =m,, —M,, 4.7)
Eq. (4.6) can be reduced to
LIF, - LIF,;
— =[NO pmcar- 4.8)

net
The LIF signals for any undoped measurement pair, LIF on,undoped and LIF g undoped, Can be
quickly reduced to an [NO] concentration via Eq. (4.8). Since NO is doped into the
flame as various ppm values, a measurement taken at the calibration location reduces to
actual NO ppm. However, because of the existence of temperature gradients, the transfer
of the calibration from one location to another in the spray flame would require accurate
temperature measurements. The measurement of both on- and off-line LIF signals at
every point in the flow is also critical to the success of this scheme owing to Mie
scattering variations in spray flames. In particular, the above scheme is designed to
account for any common background at the measurement location, whether from O,

fluorescence or Mie scattering (Cooper and Laurendeau, 1998a). Consequently, as the
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probe volume is displaced over the spray sheath, Mie scattering may provide an

additional offset to the NO fluorescence signal.

452 Callbratlon Slope Comparlson o
To expenmentally valldate an in-situ dopmg method in the LDI burner the flame

 was seeded with varying amounts of NO and the ﬂuorescence was measured at these ppm

levels The measurement locann was chosen to be along the centerlme at a 35-mm axial

helght 50 as to avoid background mterferences from 02 fluorescence and M1e scattenng
NO was seeded into the flow via a cahbrated cylmder of 3000 -ppm doped nitrogen.
Oxygen was added accordingly to maintain a dilution ratio of 3.76, while the building air
supplied to the bumer was reduced to maintain the same total air flow rate. The local
doped nitric oxide concentration was computed based on the product/reactant molar ratio,
including the small amount of co-flow air used as diluent. The results of the calibration
experimen'tiwer*e corrected for transmission of both the excitation beam and the ensuing
ﬂuorescence"through the flame. A transmission of ~83% was measured at ~226 nm via
photodiodes on either side of the flame. The same transmission was implicitly assumed
for the resultmg ~236-nm radiation. Subsequently, the LDI bumer in the high-pressure
vessel was replaced w1th a water-cooled McKenna bumer. Calibration measurements
were then performed in the post-flame region of a flat, lean (¢ = 0.8, 3.76 dilution ratio)
C2H6/02/N§/NO flame. Possible window soot deposited by the LDI flame during start-up
was common to both bumers and could be accounted for with respect to transmission

losses at ‘the ¢ end of the flat-flame expenment Typical window soot transmission losses

were less than 5%

The two-atmosphere calibration experiments required excitation only at the on-
line wavelength since the off-line wavelength gave negligible signal levels for both
flames relative to that from resonant excitation (~3%). As noted previously, the probe
volume location in the LDI flame was specifically chosen to avoid potential
interferences, thus maximizing the signal that results from NO fluorescence for this

comparison. The final calibrations are shown in Figure 4.5 with each data point
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Figure 4.5:  NO fluorescence calibrations at 2 atm taken (a) in the post-flame zone of a

lean (¢ = 0.8, 3.76 dilution ratio) C;Hs/O2/N2/NO flame stabilized on a
water-cooled McKenna burner and (b) along the centerline, 35-mm above
a heptane-fueled (¢ = 0.9, 3.76 dilution ratio, 373 K preheat) LDI burner.
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representing the average of 600 fluorescence events. The calibration slopes display
excellent agreement, with the offsets indicating the relative NO ppm levels prior to
doping. While the calibration slopes are essentially identical, it should be pointed out
that the fluorescence signal is actually proportional to NO number density. Moreover,
any variation in the quenching rate coefficient is irnherently included in the measured
slopes.  Fortunately, quenching rate coefficients calculated from adiabatic flame
temperatures and major species for these two flames agree to within 1% when assuming
complete combustion (Paul et al., 1994). Tempera;uge;:measu;ements at the calibration
location in the DI flame via a robust type B thenndeouﬁe with a 775-um bead diameter
and w1th a conservanve radiation correction of 200 K y1e1ds ~1700 K, which is similar to
the temperature of 1715 K computed via PREMIX for the post- ﬂame zone of the flat
C;Hg/O2/No/NO reference flame. All considerations aside, the similarity of the
calibration slopes demonstrates that NO destruction is not a s1gn1ﬁcant factor in the

transport of doped NO to the central reglon ‘of this LDI flame.

4.5.3 Relative Calibration Measurements

As indicated above, to enhance the accuracy of our NO measurements, we must
consider the effects of both varying temperatures and electronic quenching rate
coefficients throughout the measurement field. The presence of Mie- scattermg 81gna]s in
the central reglou(see Fig. 4. 1)771n7dieat'es that this particular 2-atm flame is not operating
efficiently, likely producing considerable gradients in the axial temperature profile, even
within the recirculation zone. To assess the change in calibration slope along the
centerline axis, calibration slopes were measured at 2.5, 5, 10, 20, 35, and 40 mm above
the burner. Eacrh’ culibration slope was calculated as the difference between the on-line
slope and the off-line slope, as backgrounds may change considerably owing to the
presence of Mie scattering at lower elevations. These individual calibrations were
corrected for beam and fluorescence extinction and are plotted in Figure 4.6 normalized
to the slope at a height of 35-mm. Accuracy bars are typically +14% at the 95%

confidence limit and include a conservative 5% relative uncertainty in possible NO

(TR I T A TR T T AT TIT IR}
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destruction. For this procedure, we are assuming that NO is not destroyed sufficiently to
negatively influence the resulting calibration.

The decrease in calibration slope with dropping axial height in Figure 4.6 can be
interpreted as indicating an increase in temperature in the lower region of the LDI flame.
Previous work at atmospheric pressure demonstrates that the electronic quenching rate
coefficient (Q.) in strongly swirling LDI spray flames is essentially uniform in the central
region (Cooper and Laurendeau, 1998b). Figure 4.7 shows the negligible variation in Q.
for a 2-atm heptane flame based on equilibrium state relationships for the mole fractions
of major species and temperature (Paul ez al., 1994). Though the temperature changes
considerably, Q. remains relatively uniform in the lean regions of the flame. The
fluorescence signal is affected by both temperature and the electronic quenching rate

coefficient, i.e.,

S, ~C-No_ 4.9)
T-Q,

where xxo is the mole fraction of NO, T is the temperature, and C is a constant based on
optical parameters and the transition rate coefficients. On the basis of Eq. (4.9), it
becomes beneficial to construct a state relationship for S via Figure 4.7, which indicates
the relative change in fluorescence signal throughout the flame for a known ppm level of
NO. In particular, Figure 4.8 plots the value of 1/T-Q, normalized to that at 1700 K
(estimated temperature at 35-mm axial height for LDI flame) against the flame
temperature for lean mixture fractions. By comparing the Mie-scattering profiles in
Figure 4.1 to the calibration slopes in Figure 4.6, it appears that the decrease in
calibration slope at lower axial heights is related to the presence of droplets in the lower
centerline region of the flame. Specifically, the ~20% drop in calibration slope is
consistent with an increase in temperature from 1700 K to ~2050 K, as demonstrated in
Figure 4.8. This result is quite reasonable since the adiabatic flame temperature for ¢ =
1.0 is above 2300 K and droplets are expected at lower elevations owing to the weak
swirl discussed previously. We will therefore adopt the position that the calibration
slopes depicted in Figure 4.6 represent the actual relative fluorescence calibrations at

each axial height and are not the result of NO destruction.
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4.5.4 Experimental Procedure

To obtain NO profiles in the LDI spray flame, we employed the following
experimental protocol. The quartz windows were cleaned at the start of the experiment to
ensure minimal transmission losses owing to soot. Soot deposition occurred only during
flame ignition when the flame was burned rich while the vessel was sealed and brought to
the operating pressure. The LDI flame was stabilized in the pressure vessel for a period
of one to two hours to allow the vessel to reach a steady temperature. During this period,
the wavelength-feedback system was initialized, which required an excitation scan over
the Q2(26.5) transition. NO was then doped into the flame to obtain an NO fluorescence
calibration at the 35-mm centerline height specific to the experimental measurements that
day. The translation system was then employed to translate the entire high-pressure
vessel relative to the probe volume. In this manner, fluorescence profiles along the major
diameter were mapped utilizing both on-line and off-line excitation wavelengths at each
point, thus accounting for variations in O, fluorescence and Mie scattering background
throughout the flame.

Photodiodes placed at the optical entrance and exit of the vessel were utilized to
measure laser-beam power ratios across the LDI flame and thus to calculate the global
transmission (Tgiobal) at each axial height. This measurement represents beam extinction
through the full diameter of the flame. The data reduction accounted for global
extinction at each axial height by assuming equivalent absorption coefficients for both
226-nm and 236-nm radiation. The calculated Tgioba Was thus used to account for both
beam extinction prior to reaching the probe volume and fluorescence trapping normal to
the excitation beam. Power ratios were also measured through the entrance window to
account for slight variations in soot deposition which could affect the transmission of the
excitation beam. The effect of soot deposition on the window was thus calculated as a
soot transmission (Tso) at €ach axial height. Recognizing that the flame is symmetric
and that the photodiode used to measure the laser beam power is positioned prior to the

vessel entrance window, the NO levels can be calculated via Eq. (8) as:

NO _ LIF;n.h _LIF:;ﬁ R rglobal,cal " “soot,cal . (4.10)
[ ]ppm,rel - ' T

mnet,cal global,h ) rsoot,h
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The LIF data designated LIF,,; and LIF,s; at a given height k are reduced to relative
ppm values, [NO]ppmret, by employing the 35-mm fluorescence calibration, e car. The
term relative implies that the NO values are calculated relative to the fluorescence
calibration at the teinperatui'e and electronic queﬁeﬁing rate coefficient corresponding to
the 35-mm axial height location. The ratios of transmission values at the calibration
height to those at the measurement height are necessary to correct the data, since the
calibration sloée Miper,cal inherently includes the effeets of losses at the calibration height.
The resulting NO concentfations are thus expressed relative to the calibration point, to
within any gradients in the electronic quenching rate coefficient throughout the measured
region. As discussed pre\v'iousi'y; the electronic éﬁeﬁéhiné rate coefficient is relatively
constant in lean regions of the flame. Hence, if the temperature at the calibration point
were accurately known, the NO profiles could be converted to absolute number density

Ona separate day, the expedment was altered to measure the calibration slopes at
the centerline of each axial height profiled (see Fig. 4.6). These calibration slopes require
correction fer extinction and soot transmission losses in a manner similar to the relative
NO measurementé. A final dafa reduction accounted for the ratio of the fluorescence

calibration at a particular axial height to that at the 35-mm location, i.e.,

Moot cal T giobai " Csoorh
[NOLpm o5 =[NOl et T (4.11)
global.cal ’ Tsoot,cal mnet.h

- In this manner, each radial profile was analyzed via a calibration specific to that axial
height, thus prov1d1ng a measure of the absolute NO ppm level, [NO/ppmass. Notice also

that the effect of globa] transrmss1on and soot losses is now removed at a given axial

~ height. Though ‘these transmission values ultimately cancel in the final data reduction of

"“Egs. (4.10) and (4.11), experimental accuracy requires that these quantities be measured
during each separate experiment owing to repeatability concerns.

Since each radial profile is referenced to the calibration taken at its centerline, the
profiles become skewed as absorption reduces the transmission with increasing path

length. Hence, those measurements taken past the centerline are preferentially lower,

LR N T TR T
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whereas those taken prior to the centerline are preferentially higher. It should be
emphasized, however, that the centerline measurement in each axial calibration is an
absolute measurement, as all effects other than possible NO destruction are inherently
included in the calibration, as previously discussed. To correct for the skewness of the
NO profiles that resulted from absorption losses, the profiles were mirrored and averaged.
A simple model was constructed to validate this correction technique for a range of
absorption coefficient profiles and NO concentration profiles in an axisymmetric grid,
recognizing that both the laser beam and NO fluorescence pass through different path
lengths as a function of measurement position. The results indicate that this correction
procedure is quite satisfactory owing to the centerline pivot point that the profiles are
referenced to via the fluorescence calibration. The accuracy of the method increases as
the NO concentration profiles and the absorption coefficient become more uniform

throughout the flame.

4.6 Results

The resulting absolute NO profiles are displayed in Figure 4.9. Accuracy bars are
indicated at each location and are typically +25% at the 95% confidence limit. The
repeatability of these measurements is ~7%. The accuracy of previous LIF
measurements in high-pressure gaseous flames typically ranges from 10% to 25% for
pressures below 6 atm (Thomsen ez al., 1997). As for our previous atmospheric LDI
flames, high swirl minimizes radial NO gradients at all axial heights. However, the
maximum NO mole fraction decreases as the axial height rises, thus demonstrating the
dilution of produced NO as the flame diverges. As indicated by Figure 4.6, a single
calibration at h = 35 mm would be sufficient for quantitative measurements of NO at
heights h > 20 mm in this LDI flame. Similarly, the same single-point calibration would

provide NO concentrations accurate to within 20% at heights h < 20 mm.
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If the calibrated measurement point at an axial height of 35 mm is taken to
represent the emission level of this bumer owing to its downstream location, then an
EINO, value can be computed similar to that of Chen and Driscoll (1990), i.e.,

Xyo(ppm) Myo, m; +m,

EINO, = — , (4.12)
1000 M, "y

where Myo, and Mp represent the molecular weights of nitrogen dioxide and the products

of combustion, while 7, and nt, represent the mass flow rates of fuel and air. The
molecular weight of NO; is chosen to represent NOy instead of NO. We assume for this
calculation that the products result from complete combustion, which provides a good
estimate of the product molecular weight owing to the overriding presence of
nitrogen. Equation (10) yields an EINO, = 1.00 g NOykg fuel. Another method of
measuring the emission level is based on 15% O in the product stream. Following Turns
(1996), the calibrated and corrected measurement would be 11 ppm. Assuming a
pressure scaling of P%> (Turns, 1996) and extrapolating the calibration point to 30 atm
would yield an EINO, = 3.79 g NOykg fuel, which is below the aeropropulsion engine
target of 5 g NOy/kg fuel (Gupta, 1997).  Though such exhaust values could be
determined from sampling our exhaust stream, the ability to optically measure NO

concentrations clearly provides the opportunity to better understand the production of NO

within the flame.

4.7 Conclusions

Quantitative LIF measurements of NO concentration (ppm) have been obtained in
an LDI burner fueled with liquid heptane operating at a pressure of 2 atm. The thrust of
this chapter has been the development and validation of an in-situ calibration scheme by
which to quantify NO fluorescence signals measured in high-pressure LDI spray flames.
Through comparison of fluorescence calibrations taken in the spray flame and in a
reference flame of known spectral characteristics at 2 atm, we have validated the use of a
reactant doping method for such spray flames. Possible NO destruction did not present
significant losses to the doped NO, thereby allowing a simple means by which to quantify
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fluorescence measurements. Quantitative NO profiles were presented for the 2-atm LDI
flame and were demonstrated to yield acceptable emission levels under current target

goals for NO, reduction.
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5. QUANTITATIVE MEASUREMENTS OF NITRIC OXIDE IN HIGH-PRESSURE
(2-5 ATM), SWIRL-STABILIZED SPRAY FLAMES VIA LASER-INDUCED
FLUORESCENCE

5.1 Introduction

In this chapter, we present spatially resolved, linear laser-induced fluorescence
measurements of nitric oxide (NO) in pre-heated, high-pressure (2.09 to 5.35 atm), lean
direct-injection (LDI) spray flames. The spray is produced by a hollow-cone, pressure-
atomized nozzle supplied with liquid heptane. NO is excited via the Q2(26.5) transition
of the ¥(0,0) band. Detection is performed in a 2-nm region centered on the y(0,1) band.
The goal of this chapter is the validation and application of a complete LIF scheme by
which quantitative NO concentrations can be measured in high-pressure LDI spray
flames. Standard excitation and detection scans are performed to assess possible
interferences and to validate a non-resonant wavelength so as to subtract the influence of
oxygen interferences in the NO detection window. NO is doped into the reactants and
convected through the flame with no apparent destruction, thus allowing an NO
fluorescence calibration to be taken inside the flame environment. The in-situ calibration
scheme is validated by comparisons with reference flames at high pressure. Quantitative
radial NO profiles are presented at 2.09, 3.18, 4.27, and 5.35 atm and analyzed so as to
better understand the operation of lean-direct injectors for gas turbine combustors.
Downstream NO measurements in the LDI flames indicate an overall pressure scaling

corresponding to po7,



3.2 Operating Conditions
The LDI burner is operated at a primary equivalence ratio ¢, = 0.9, using heptane

as the fuel. The flow rates for the study presented here are listed in Table 5.1. An
additional air co-flow is added to aid in flame stabilization, which gives the tabulated
évé;a_i} d)ro'i'f this ﬂaijr_ were_ciognpletelyentralned in;é theicombustlonprpducts The air is
 preheated to 373 K in all cases to assist in vaporization and mixing of the fuel. Because
of the intense miking, the flames are essentially néﬁ-sooting and blue, even at higher

pressures.

o 5.3 Spectral Validation o
Our previous work, as discussed in Chapters 2 and 4, addressed an

 excitation/detection scheme for use in LDI flames at 1-2 atm (Cooper and Laurendeau,

1998a; Cooper and Laurendeau, 1999b). Excitation of the Q(26.5) line of the y(0,0)
band of NO at 225.58 nm is followed by detection of the y(0,1) band with a 2-nm window

 centered at 235.78 nm. An off-line wavelength at ~225.53 nm is excited and monitored
as a measure of the ubiquitous background for the NO fluorescence signals. This
combination has been séieéfed based on extensive interference and background
inv¢§ééétions (Reisel er al, 1993; Partridge et al., 1996) and has shown considerable
success ini a variety of flames p;oduced with gaseous and liquid fuels (Reisel and
Laurendeau, 1995; Thomseﬁ et al., 1997; Cooper and Laurehdeau, 1998b; Cooper and
Laurendeau, 1999b). The scheme has been particularly useful in high-pressure (1-15
atm) CH4/O»/N; flames (Thomsen et al., 1997). For LDI sprays, the utility of this
scheme lies in the subtraction of Mie-scattering and O, interferences (Cooper and
Laurendeau, 1998a; Cooper and Laurendeau, 1999b). At even higher pressures, such a
scheme is critical to the detection of NO levels below 10 ppm owing to the background

produced by the O, Schumann-Runge band (Thomsen et al., 1997).

1A
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Table 5.1: Operating conditions for LDI flames of this study.
Norrinal Operating Fuel Primery Ar  Secondary Air (1Y (0%
Pressure (atm) Pressure (@) Fow(g's)  Fow(g's) Fow (9's) '
2 209 0.17 278 0.30 0.90 0.81
3 318 0.26 440 0.38 0.90 0.83
4 427 0.36 6.07 0.32 0.90 0.85
5 535 0.49 832 0.32 0.90 0.87
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5.3.1 Mie Scattering Profiles

The utility of our NO excitation/detection scheme in a liquid droplet environment
at higherpressures requires that we re-consider the possible effects of Mie scattering
interference, fuel and fuel-fragment fluorescence, and laser beam extinction. We
assessed the influence of Mie scattering at 2 and 4 atm by measuring scattering profiles in
order to locate regions of heavy droplet interference. Scattered light at the incident laser
wavelength is passed through neutral density filters and collected via a Y2-m
monochromator in a 2-nm window centered at ~226 nm. Figure 5.1 depicts the Mie
scattering profiles in both the 2- and 4-atm flames. As discussed in Chapter 4, the 2-atm
profiles are quite different from those measured in the previous atmospheric LDI work

(Cooper and Laurendeau, '1998a). In particular, the previous 1-atm LDI measurements

udi 1995) However the

low ﬂow rates requlred to stab1hze the pr present 2-atm flame reduces the strength of the

resulted 1n ax1$ymmetnc double—peaked proﬁles that foIlowed the spray sheath typically

rec1rculat10n zone and the efﬁcnency of the atomizer. Fortunately, as the operating

pressure increases, the rising flow rate through the nozzle produces efficient atomization.
The 4-atm Mie scattering profiles demonstrate this feature and compare favorably with
the eerected profiles based on our 1-atm study. As mentioned in Chapter 3, two special
CVI dichroic beamsplitters are employed in NO detection to minimize any resulting
interferences from Mie scattering, especially at lower heights above the LDI bumner

(Cooper and Laurendeau, 1999a)

53.2 Excitation and Detection Scans
Excitation and detection scans were next perfonned to assess the level of potential
interferences associated with possible unbumed hydrocarbons. A reference
C,Hg/O2/No/NO (¢ = 0.8) flat flame stabilized at 2.09 atm on a water-cooled McKenna
burner (3.76 dilution ratio) was utilized for comparison. The spectral signatures from
NO and O; have been previously well characterized in such flames (Partridge et al.,
1996). Hence, a comparison of spectral scans taken in this standard flame with those
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obtained in the LDI case should aid in the identification of any interferences resulting
from hydrocarbon fluorescence. Figure 5.2a illustrates two excitation scans: one taken in
the flat flame with 40 ppm of NO doped into the flame to help define the ¥(0,1) band
structure and one taken at the centerline 15-mm height in the 2.09-atm LDI flame with
~80 ppm of NO doped into the flame. Figure 5.2b illustrates an excitation scan taken at
the centerline 15-mm height in the 4.27-atm LDI flame with ~100 ppm NO doped into
the flame. The excellent similarity among these excitation scans indicates that other
species such as unburned hydroéﬁrbohs and polycyclic aromatic hydrocarbons are
apparently not monitored in the 2-nm detection window at these pressures. Moreover,
“the ratio of the on-line to off-line waveiéhgm;_demox;s&ates that the oxygen background
and Mie s;:attering b:rreakthrél;ghwareﬂ'<10‘% of' the forn-line signal at this location in the LDI
ﬂameé.:" - 77 , TR "

A comparative detection scan for the LDI module was also obtained at this same
location (h = 15 mm, r = 0 mm). Figure 5.3 displays detection scans for the y(0,1) region
with conditions identical to those in the above excitation scans except that the width of
the detection lwirvidow was reduced to 0.5 nm. Again, no unique features are present in
Figure 5.3, indicating that the excitation/deteq;io; scheme used in Chapters 2 ahd 4
(Cooper and Laureﬁdeau, 1998a; Cooper and Léﬁrehdeau, 1999b) is appropriate for these

high-pressure spray flames.

5.4.1 Calibration Slope Comparison
A mathematical derivation of the background subtraction method utilized for this
investigation is given in Chapter 4 (Cooper and Laurendeau, 1999b). In summary, on-
line and off-line excitation wavelengths which have common interference backgrounds

are used to isolate that portion of the detection signal attributable to NO
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Excitation scans in: (a) 2.09-atm McKenna burner (¢ = 0.8, 3.76 dilution

ratio) doped with 40 ppm NO and 2.09-atm LDI burner at h = 15mm, r=
0 mm doped with ~80 ppm NO; (b) 4.27-atm LDI burner at h =15 mm, r =
0 mm doped with ~100 ppm NO. The NO on-line Q2(26.5) and off-line

excitation wavelengths are labeled.
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fluorescence. The method also inherently removes O, fluorescence and Mie scattering
interferences from the NO signal. On- and off-line measurements are required at each
measurement location to account for variations in the background within different regions
of the LDI flames.

To experimentally validate an in-situ doping method for the LDI burner, LDI
flames at 2 and 4 atm were seeded with varying amounts of NO and the emissive signal
was measured at these different ppm levels. The measurement location was chosen to be
along the centerline at a 35-mm axial height so as to avoid background interferences from
O, fluorescence and Mie scattering. NO was seeded into the flow via a calibrated
cylinder of 3000-ppm doped nitrogen. In the 2-atm LDI flame, oxygen was added
accordingly to maintain a dilution ratio of 3.76, while the building air supplied to the
burner was reduced to maintain the same total air flow rate. The 4-atm flame required
consecutive measurements with seeded nitrogen and with unseeded nitrogen, as the
oxygen flow system was unable to match the required dilution ratio of 3.76. The results
of the calibration experiments were corrected for transmission of both the excitation
beam and the ensuing fluorescence through the flame. A transmission of ~83% in the 2-
atm flame and ~68% in the 4-atm flame was measured at ~226 nm via photodiodes on
either side of the flames. The same transmission was implicitly assumed for the resulting
~236-nm radiation. Subsequent to these individual experiments, the LDI burner in the
high-pressure vessel was replaced with a water-cooled McKenna burner. Calibration
measurements were then performed in the post-flame region of a flat, lean (¢ = 0.8, 3.76
dilution ratio) C;Hg/O2/N2/NO flame for the 2-atm case and of a flat, lean (¢ = 0.8, 3.76
dilution ratio) CHy/O»/No/NO flame for the 4-atm case. Possible window soot deposited
by the LDI flame during start-up could be accounted for by monitoring transmission
losses at the end of the flat-flame experiment. Typical window soot transmission losses
were less than 5%.

The 2-atm calibration experiments required calibration of only the on-line
excitation wavelength since the off-line wavelength gave negligible signal levels relative
to that at resonance (~3%). The 4-atm calibration included both on-line and off-line

measurements, as the background signal was now larger (~10%). The results of these
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comparative calibrations are shown in Figure 5.4. The calibration slopes at each pressure
display excellent agreement, with the offsets indicating the relative NO ppm levels prior
to doping. While the calibration slopes are essentially identical, it should be pointed out
that the fluorescence signal is actual proportional to NO number density. Moreover, any
variation in the quenching réte coefficient is inherently included in the measured slopes.
Fortunately, quenching rate coefficients calculated from adiabatic flame temperatures and
major species for both LDI flames agree to within 1% with those from their respective
reference flames when assuming complete combustion (Paul ez al., 1994). Temperature
measurements at the calibration location in the LDI flames as obtained via a robust type
B thermocouple with a 775-um bead diameter when using a 200 K radiation correction
yield ~1700 K for the 2-atm flame and ~1830 K for the 4-atm flame. These temperatures
are similar to those in the post-flame zone of the flat reference flames of 1715 K and
1782 K, respectively, as compﬁted via PREMIX (Kee et al., 1995). All considerations
aside, the similarity of the calibration slopes at both pressures demonstrates that NO
destruction is not a significant factor in the transport of doped NO to the central region of
the LDI flames. ' '

5.4.2 Relative Calibration Measurements

To enhance the accuracy of our NO measurements, we must consider the effects
of both varying temperatures and electronic quenching rate coefficients throughout the
measurement field. In particular,'wé measured calibration slopes along the centerline
axis at 2.5, 5, 10, 20, 35, and 40 mm above the burner. - Each calibration slope was
calculated as the difference between the on-line slope and the off-line slope, as
backgrounds may change considerably owing to the presence of Mie scattering at lower
elevations. These individual calibrations were corrected for beam and fluorescence
extinction and are plotted in Figure 5.5 after normalization to the slope at 35 mm.
Accuracy bars are typically £16% at the 95% confidence level and include a conservative

5% relative uncertainty in possible NO destruction. When employing this procedure, we
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are assuming that NO is not destroyed sufficiently to negatively influence the resulting
calibration. The variation in calibration slope with axial height generally indicates the
influence of temperature changes in the lower region of each LDI flame. Previous work
at atmospheric pressure demonstrates that the electronic quenching rate coefficient (Qe) is
essentially uniform in the central region of strongly swirling LDI spray flames (Cooper
and Laurendeau, 1998b). This feature can be readily demonstrated by constructing
equilibrium state relationships for species and temperature (sce Chapter 4) in the case of
heptane combustion and computing Q. values at lean mixture fractions. Though the
temperature changes considerably, Q. remains relatively uniform in the lean regions of
the flame (Cooper and Laurendeau, 1999b).

The fluorescence signal for a fixed ppm-level of doped NO is related to

temperature and the electronic quenching rate coefficient by

Sp~CM0 5.1)
T-Q,

where xyo is the NO mole fraction, T is the temperature, and C is a constant based on
optical parameters and the transition rate coefficients. Since Q. is essentially constant in
LDI flames, the 20% drop in calibration slope for the 2-atm flame is consistent with an
increase in temperature from 1700 K at 35 mm to ~2050 K at 5 mm above the LDI burner
(Cooper and Laurendeau, 1999b). This result is quite reasonable since the adiabatic
flame temperature for ¢ = 1.0 is above 2300 K and droplets are expected at lower
elevations (see Fig. 5.1). In a similar manner, the 4-atm flame may have a cooler region
at lower elevations owing to changes in the recirculation zone position and strength with
pressure. Specifically, an increase of the 4-atm calibration slope of ~20% would indicate
a decrease in temperature from 1830 K to ~1560 K. This result is also reasonable since
the Mie scattering profiles show little droplet scattering at lower elevations for the 4-atm
case (see Fig. 5.1). We will therefore adopt the position that the calibration slopes
depicted in Figure 5.5 represent the actual relative fluorescence calibrations at each axial

height and are not the result of NO destruction.
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3.5 Results and Discussion
The expenmental procedure for obtammg NO proﬁles m the LDI spray flame is
identical to that dJSCUSSCd in Sectron 4. 5 4. Fgure 5.6 demonstrates the corrected data

whereby “each radial proﬁle is calibrated via the centerline fluorescence s1gnal at a
particular axial height and plottea asa functlon of pressure. A complete plcture can now
be presented that represents operation of the LDI burner over the 2- to S-atm pressure

range. Error bars are not shown here for clanty, but are typlcally +25% at the 95%

confidence lir lrrmt (see Appendxx 7A) “The average repeatabﬂT ty for the profiles 1s within
7%, 5%, 12%, and 12% for the 2-, 3-,4-, and 5- atm t:lemes respectlvely n general the
proﬁles at each pressure derhdnstrate a umforrmty of the NO mole fractlon throughout
well-mixed nature of the internal recrrculatlon zone for this swirl-based geometry
(Alkabie and Andrews, 1989; Terasaki and Hayashi, 1996).

Figum 5.7 depicts the cumulative profiles at each pressure with a representative
accuracy bar plotted at the centerline 40-mm location. The uniformity at each pressure
can now be clearly seen for the 3- to 5-atm cases. For the 2-atm flame, the maximum NO
mole fraction decreases as the axial height increases, likely demonstrating the dilution of
produced NO as the flame diverges. Once efficient atomization of the fuel is achieved at
P >3 atm, the profiles converge to within the accuracy of the measurements. From Figure
5.6, the mole fraction of NO appears to vary only slightly with pressure at heights below
10 mm. HoweVer, past the 10-mm axial height, the combined effects of chemistry,
temperature, and residence time yield increasing NO levels with rising pressure.

Figure 5.8 depicts the 40-mm height data and demonstrates a definitive increase
in the NO level with pressure. Typical errors bars at the 95% confidence level are shown
at a single point for each pressure to represent the accuracy of the radial profile. To
determine the scaling of emissions with pressure and remove all errors except potential
calibration errors, we chose to use a single point calibration at the 40-mm centerline
height for each pressure. We calculate EINOy following Chen and Driscoll (1990), i.e.,

Xno (Ppm) Myo, 1, +mm,

EINO,_ = . -— , (5.2)
1000 M, m,
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function of operating pressure. Radial measurement profiles have been
corrected for absorption and calibrated at the 40-mm height location.
Typical accuracy bars at the 95% confidence level are shown at one point
on each profile.
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where Myo; and Mp represent the molecular weights of nitric oxide and the products of
combustion, respectively, while 7, and m, represent the mass flow rates of fuel and air,
respectively. We assume for this calculation that the products are those for complete
combustion, which should yield a good estimate of the product molecular weight owing
to the presence of nitrogen. The EINOy results are plotted in Figure 5.9, along with a
prediction for thermal NO based on a pressure exponent of 0.5 (Turns, 1996). From the

" data shown, the actual pressure-scaling coefficient is 0.74.

Correa (1992) notes that practical combustors employing turbulent diffusion
flames have largely demonstrated a P scaling. At temperatures greater than 1900 K,
NOy formation becomes predominately thermal in origin and is limited by the availability
of oxygen atoms, whose concentration scales approximately as P*° based on equilibrium
considerations However the pressure exponent for NO; formation is expected to
increase as NOX formatxon takes place prlmanly at near-st01ch10metnc interfaces owing
to superequilibrium concentrations of oxygen atoms. For instance, Aigner et al. (1990)
tested a partially- prermxed injector and measured an NO, scalmg of ~P*”. Correa
(1992) indicates that the combustor of Aigner et al (1990) was not operating in a well-
stirred mode and thus exacerbated NO, production.

It is difficult to determine the rationale for the observed pressure scaling in these
LDI flames. Since the expected pressure exponent of 0.5 is based only on thermal NO
production, it does not include the full effects of chemistry, turbulent mixing, burner
geometry, and flame temperature scaling with pressure. For these experiments, the
primary air mass flow was increased in a ~1:1 scaling with pressure so that the residence
time based on exit velocity would not vary considerably. However, Chen (1995) points
out that correlating NO formation to a time scale based on exit velocity is incorrect. A
more appropriate measure would be the time scale associated with the recirculation zone,
whrch requ1res veIocrty measurements within thxs reglon 7

A more pertinent consrderanon is the temperature dependence of the forward

reaction rate coefficient for the thermal NO mechanism (Turns, 1996):

k
N,+O—->NO+N, (5.3)
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-38370

k=1.82-10"¢ 7™ cm*/gmol-s . (5.4)

In the typical range of flame temperatures (1500 to 2000 K), the rate coefficient
exponentially increases by two orders of magnitude. Recognizing that the flame
temperature increases with pressure, and noting that stoichiometric interfaces are present
in the LDI flame, it becomes feasible to attribute the observed P*7* scaling to an increase
in flame temperature. However, as Correa (1992) pomts out, the P%° scaling widely
reportcd in combustion measurements may md1cate a balance between the effect of
higher temperatures at higher pressures and the effect of superequilibrium O-atom
concentrations at lower pressures. Nevertheless, the results for:i our burner indicate that
an extrapolanon to 30 atm using the measured scaling would provxde an EINO,=5.75¢
NO /kg fuel, which i is only slightly above the aeropropulsxon engine target of 5 g NO,/kg
fuel (Gupta, 1997).

3.6 Conclusions
Quantitative LIF measurements of NO concentration (ppm) have been obtained in

an LDI burer fueled with liquid heptane operating at pressures up to 5.35 atm. Through
comparisons of fluorescence calibrations taken in LDI spray flames and in reference
flames of known spectral characteristics, we have validated the use of a convenient
reactant doping method. In particular, the results indicate insignificant destruction of
doped NO, thereby al]owmg a simple means by which to quantify fluorescence
measurements. Quantitative NO profiles were presented at operating pressures of 2.09,
3.18, 4.27, and 5.35 atm and were demonstrated to yield NO4 emissions close to target
reduction levels. The NO profiles demonstrated a uniformity within the central
recirculation region of the flame at pressures above 3 atm. The pressure scaling of the

downstream measurements was found to be approximately po74,
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6. PARAMETRIC STUDY OF NO PRODUCTION VIA QUANTITATIVE LASER-
INDUCED FLUORESCENCE IN HIGH-PRESSURE, SWIRL-STABILIZED SPRAY
FLAMES

6.1 Introduction

In this chapter, we discuss the influence of equivalence ratio and air preheat
temperature on nitric oxide (NO) concentrations in high-pressure, heptane spray flames.
The burner is based on the lean direct-injection design and incorporates a pressure-
atomized, hollow-cone spray nozzle. Helical vanes in the air passage coupled with a
divergent exit and preheated air produce a strongly-swirling, clean, blue flame. NO
concentration profiles are measured at 4.27 atm using laser-induced fluorescence (LIF) at
five axial heights above the burner. The uniformity of NO throughout the central region
of the flame demonstrates the well-mixed nature of the recirculation zone.
Measurements are taken at the 40-mm centerline height to determine the effects of
primary equivalence ratio (¢p = 1.0 to 0.8) and air preheat temperature (Tar=375K to
575 K). The results strongly suggest that NO formation occurs in near stoichiometric
regions of the flame and is subsequently diluted with excess air. A residence time effect
is evident and apparently scales as the mass flow rate of air relative to that for
stoichiometric combustion, yielding a ¢pz scaling of the NO (ppm). Moreover, moderate
increases in preheat temperature produce significant increases in NO (ppm) levels,

suggesting thermal NO production.

6.2 Operating Conditions
The LDI bumer is operated at 4.27 atm with a primary equivalence ratio ¢, =

0.90. The primary equivalence ratio represents that calculated from the air and fuel
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supplied through the main burner tube. Heptane fuel is supplied to the nozzle at 0.36 g/s
and air at 6.07 g/s. An additional air co-flow is added to aid in flame stabilization, which
yields an overall ¢, = 0.85 if this air were completely entrained into the combustion
process. The pressure was chosen based on scaling and stability issues for the flame.

sooting appearance and the symmetric nature of the flame. Usually, the air is preheated
to 375 K to assist in vaporization and mixing of the fuel. Here, the preheat temperatures
are varied from 375 K to 575 K. The equivalence ratios are varied from ¢, = 0.80 to ¢, =
1.00. NO measurements are obtained by employing the experimental protocol detailed in

Chapter 4.

6.3 Results And Discuss1on 7 7
B The NO (ppm) proﬁles for the 4.27-atm LDI ﬂame are shown in Flgure 6.2. Error
-bars are typically +25% at the 95% conﬁdence lumt w1th a repeatabihty for the profiles
within 12%. Note the uniformity of the NO mole fraction throughout the central region
of these direct-injection flames. This feature can be attributed to the well-mixed nature
of the internal recirculation zone for swirl-based geometries (Alkabie and Andres, 1989;
Terasaki and Hayashi, 1996), and has been noted in previous measurements of both
atmospheric and high-pressure LDI spray flames (Cooper and Laurendeau, 1998a;
Cooper and Laurendeau, 1999c).
The influence of alr-preheat temperature on NO production is shown in Figure 6.3
for ¢p = 0.90. All NO concentrations were measured at the 40-mm centerline height. A
92% increaser in NQ (ppm) is realized with only a 200 K increase in air-preheat
temperature. This significant increase suggests thermal NO production owing to the
strong correlation with preheat temperature. Moreover, if the residence time is inversely
proportional to the bumnt gas velocity, then the product of the forward rate coefficient and

the residence time based on complete combustion at ¢ = 1.0 would provide a 72%

increase in the NO (ppm) level. Hence, the data support a stoichiometric combustion
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Figure 6.1:  Photograph of LDI flame at 4.27 atm [th,,, = 0.36 g/s, Op=0.9, Tair prenear
=375K].
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regime near the spray sheath owing to the strong correlation of NO (ppm) with air
preheat temperature.
To determine the effect of stoichiometry, NO concentrations were measured at the

40-mm centerline height. Two methods were utilized to achieve the varation in

equ1valence ratio. First, the fuel flow rate was held constant at 0.36 g/s and the air flow
rate was varied. In the second approach, the air flow rate was held constant at 6.07 g/s
and the fuel flow rate was varied. The results are shown in Figure 6 4 and demonstrate a
marked decrease in NO at leaner mixtures, namely a 45% decrease in NO (ppm) from ¢,
=10t ¢ = 0. 8 The data demonstrate a repeatability of 15% owing to a two-month
lapse between data sets. The vanatlon in recirculation zone temperature with
stoichiometry can be determined expenmentally by monitoring the variation in the NO
calibration slope (Cooper and Laurendeau, 1999b). Thls procedure revea]s an ~28%
decrease in temperature from ¢p =1.0to ¢p =0.8 at the 40-mm centerline height. This
decrease in temperature would reduce the forward rate coefficient of the thermal NO

formation reaction, i.e.,

k
N,+O5NO+N, 6.1)
-38370
k, =1.82-10"¢ ™™ cm*/gmol-s 6.2)

by at least rwo orders of magnitude (Turns, 1996).

As the NO variation with stoichiometry does not demonstrate such a reduction,
the primary location of NO mosr liiiely occurs in near-stoichiometric regions surrounding
the spray sheath, consistent with our previous work at atmospheric pressure (Cooper and

Laurendeau, 1998b) Dilution of the NO formed in the spray sheath by supplied excess
air should give an ~20% decrease in the NO mole free;roni at ¢, = 0.8. The drop in
recirculation zone temperature noted above could provide evidence of such cold-air
dilution into the hot gas products from stoichiometric combustion. If a residence time is

calculated based solely on the exit velocity of air relative to that at stoichiometric
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conditions, the combined effect of dilution and residence time yields an approximate

scaling for NO production of
NO~¢,*. (6.3)

A test of this hypothesis is displayed in Figure 6.5, where the NO concentration (ppm)
has been normalized to that at ¢, = 1.0. While this correlation does not prove the
hypothesized scaling, it does lend credence to the effects of coupled dilution and
residence time on thermal NO formed mﬂea?‘-stoxcfﬁorﬁeinc regions. If the co-flowing
air is considered to be completely entrained, then the scaling would be proportional to
®p0o, thus basing the residéncé time on the stoichiometric suppliéaiir and the dilution on
the total air. On a normalized basis, the results would be almost identical to Figure 6.5.

Cooper and Laurendeau (1998b) previously assessed the variation of NO with
stoichiometry in atmospheric, runcornﬁned; LDI spray flames byﬁcompﬁting the dilution
arising from excess air. If the reported values are also scaled to reflect the coupled
residencé time and dilution effect of Eq. (6.3), the resulting correlation demonstrates
identical behavior (see Fig. 6.6). In this case, the residence timé is scaled with the
primary equivé]ence ratio based on inputs to the bumer, while the dilution is scaled with
the overall equivalence ratio based on supplied and entrained excess air. Figure 6.6 lends
strong evidence to coupled dilution and residence time effects on NO formed in near-
stoichiometric regions. If NO were formed in non-stoichiometric regions, then chemical
effects would hinder the collapse shown, i.e., the demonstrated collapse implies a steady-
state formation rate integrated over time with the product subsequently diluted with
excess air.

If our data are compared to those of previous researchers, it becomes apparent that
this high-pressure LDI configuration is not achieving a significant level of premixedness.
In particular, the NO data of Hayashi (1995) for direct-injection and lean-premixed
prevaporized combustion of kerosene exhibit a much greater dependence on equivalence
ratio in the range ¢, = 0.80 to ¢, = 1.00 for air preheat temperatures of 450-650 K.

The combined observations from our data suggest a residence time that scales

linearly with either the fuel or air mass flow (relative to stoichiometric) and inversely
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with the stoichiometric burnt gas temperature, i.e., the velocity of the stoichiometric
products. Moreover, a dilution of the products of stoichiometric combustion seems
apparent from the squared dependence of produced NO (ppm) on equivalence ratio.

These observations are consistent with the results from a simple perfectly-stirred reactor

model as discussed in Appendix B.

6.4 Conclusions

Quantitative LIF measurements of NO concentration have been obtained in high-
pressure LDI flames for a range of equivalence ratios (¢,=0.8-1.0) and air-preheat
temperatures (375-575 K). Parametric studies of these variables strongly suggest that NO
formation occurs in near stoichiometric regions of the flame and is subsequently diluted
with excess air. A residence time effect is evident and apparently scales as the mass flow
rate of air relative to that for stoichiometric combustion, yielding a ¢* scaling of the
produced NO (ppm) with primary equivalence ratio. Moreover, moderate increases in
preheat temperature produce significant increases in NO (ppm) levels, suggesting thermal

NO production.
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NO (ppm) vs. ¢p2, demonstrating coupled dilution and residence time
effects based on exit velocity for the 4.27-atm LDI flame. The excellent
correlation suggests thermal NO production in near stoichiometric regions.
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7. PARAMETRIC STUDY OF NO PRODUCTION VIA QUANTITATIVE LASER-
INDUCED FLUORESCENCE IN HIGH-PRESSURE, LEAN PREMIXED-
PREVAPORIZED SPRAY FLAMES

7.1 Int,roductriorzi' |

In the push toward low NOy technologies for aeroengines, one theme that stands
out as a strong prospect for the future is the lean, prenuxed-prevaponzed (LPP)
combustor (Correa 1992). Usmg this route, stoichiometric mterfaces can be avoided,
thus leading to reduced temperatures ‘and suppression of the thermal route for NOy
formation. Another important benefit from LPP combustion 1sﬂth§ reduced dependence
on présgﬁre. In fact, at sufficiently lean conditions for which the r;:itrc;;.ls-oxi:cie pathway
dominates, little io no dependence on pressure can be realized (Cbnea, 1992)

The initial goal of this chapter was a direct comparison of LPP and LDI
combustion by modifying the bumer of Fig. 3.7 to include a premixing length. The
nozzle was to be located at the beginning of this premixing length, with fuel injected into
the swirling air generated by an upstream swirler. To achieve a swirl-stabilized flame, a
second swirler would be positioned near the burner exit as in the LDI bumer. In a similar
manner, Hayashi (1995) compared LDI and LPP burners over a range of operating
conditions. Unfortunately, the inner diameter of the burner and the expansion ratio at the
exit of the burner (~13:1) preciﬁ&ed attachment of a swirl-stabilized LPP flame with
similar structural characteristics to the LDI flame. A compromise was thus made by
replacing the burner with a new one having twice the inner diameter. Surprisingly, the
flame did not stabilize in the same shape as the LDI flame (Fig. 6.1), but instead appeared
to thermally attach to the inner rim of the exit swirler.

This lack of a direct comparison, however, should not restrict the utility of our

results. A major thrust of this chapter is to demonstrate the compatibility of LIF

[H———



121

diagnostics to a range of spray flames. In particular, LIF has been shown to be a viable
technique for NO detection in gaseous flames, both atmospheric and high-pressure
(Reisel and Laurendeau, 1995; Thomsen et al., 1997). Cooper and Laurendeau (1998a)
demonstrated atmospheric LDI measurements, and later high-pressure LDI measurements
(Cooper and Laurendeau, 1999b; Cooper and Laurendeau, 1999¢). As the technology
push seems ultimately directed toward LPP, it is important to validate the use of LIF in
such environments. As will be shown, LIF is indeed successful as both a diagnostic
technique and a tool by which important information can be obtained within high-
pressure flames. In particular, the influences of equivalence ratio, air-preheat
temperature, and pressure can be investigated, similar to that of Chapters 5 and 6 for the

LDI flame.

7.2 Operating Conditions
A schematic of the LPP burner is shown in Figure 7.1. The bumer is similar in

design to the LDI burner; however, a premixing stem is located 41.7 cm below the burner
exit. Fuel is injected at the entrance to this stem into preheated, swirling air generated by
a 60° helical swirler. After passing through the premixer length, the gases are rotated by
a second 60° helical swirler placed 1.16 cm below the exit orifice. The flame attaches to
the inner ring of the helical swirler and forms a conical flame, as shown in Figure 7.2.
The flame does not appear to undergo sufficient swirl to produce an internal recirculation
zone. The LPP burner is nominally operated at 4.27 atm with an overall equivalence
ratio ¢ = 0.75. The equivalence ratio is that calculated from the air and fuel supplied
through the main burner tube since no co-flow air is used. Heptane fuel is provided to the
nozzle at 0.27 gfs. The nominal pressure was chosen to match that for the LDI work in
Chapter 6. The air is nominally preheated to 475 K to assist in vaporization and mixing
of the fuel: however, here the air preheat temperature was varied from 365 K to 480 K.

Similarly, the equivalence ratio was varied from ¢ = 065 to ¢ = 0.75. These
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Figure 7.2:  Photograph of LPP flame at 4.27 atm [¢ = 0.75, Tair prenea = 475 K]. Note
that the oval window restricts the field of view.
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boundaries define the stability limit for the flame shown in Figure 7.2. Lean blowoff
occurs at ¢=~0.63. The flame stabilizes as a straight jet for ¢>0.77, attached to the full
periphery of the burner orifice. In a similar manner, preheat greater than 500 K forces
transition to a straight jet. The conical flame was chosen based on stable, safe operation

over a range of condmons The straight jet transferred excessive heat to the burner

"""73 Spectral Val

~ Our previoué “work addressed an excitation/detection scheme for use in

atmospherle pressure I.DI ﬂamee (Cooper and Laurendeau 1998a) Exc1tat10n of the

Q2(26.5) line of the y(O 05 Band of NO at 225. 58 nm is followed by Jetectlon of the ¥(0,1)
“band with a 3-nm window centered at 235.78 nm. An off-line wavelength at ~225.53 nm

~ is excited and momtoreq as a measure of the ub1qu1tous background for the NO

"ﬂuorescence signals. Having vahdated this approach for use in the LDI ﬂarnes of the
prev1ous chapters, we should expect the more bemgn environment of an LPP flame to
also permit use of this scheme. Nevertheless, the scheme was validated with standard

___excitation and detection scans taken at the 20-mm centerline location in the LPP flame.

As demonstrated in Figure 7.3, no unexpected interferences or anomalies are present in
either the excitation or the detection spectra when referenced to those of Figures 5.2 and

5.3.

7.4 Calibration Comparison

To experimentally validate an in-situ doping method for the LPP bumer, a 4.27-
atm operating condition was selected and the flame was seeded with varying amounts of
NO. The emissive signal was measured at these different ppm levels. The measurement

location was arbitrarily chosen to be along the centerline at a 20-mm axial height. NO
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Figure 7.3:  (A) Excitation scan taken in 4.27-atm LPP burner at h = 20 mm, 1 = 0 mm.
The NO on-line Q;(26.5) and off-line excitation wavelengths are labeled.
(B) Detection scan taken at same conditions.
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was seeded into the flow via a calibrated cylinder of 3000-ppm doped nitrogen. Oxygen
was added accordingly to maintain a dilution ratio of 3.76, while the building air
supplied to the burner was reduced to maintain the same total air flow rate. A
transmission of ~65% in the 4-atm flame was measured at ~226 nm via photodiodes on
either side of the flame. The same transmission was implicitly assumed for the resulting
~236-nm radxatlon Subsequent to these individual experiments, the LPP bumer in the
high-pressure vessel was replaced with a sintered bronze, flat-flame, bumer. Calibration
measurements were thEn performed in the post-flame region of a flat, lean (¢ = 0.8, 3.76
dilution ratio) éHdOdNﬂNO flame. Possible window soot deposited by the LDI flame
during start-up could be accounted for by monitoring transmission losses at the end of the
flat-flame expenment Typlcal window soot transrmssxon losses were less than 6%.
 The 4-atm calibration mcluded both on-hne énd off-line measurements. The
results of these comparative calibrations are shown in Figure 7.4. The calibration slopes
display excellent agreement (<10% difference), w1th the offsets indicating the relative
NO ppm levels prior to doping. While the calibration slopes are essentially identical, it
should be pointed out that the fluorescence signal is actual proportlonal to NO number
density. Moreover any vanatwn in the quenching rate coefficient is inherently included
in the measured' slopes. Fortunately, quenching rate coefficients calculated from
adiabatic flame tempcratures and major species for the LPP and flat flames agree to
within 4% when assuming complete combustion (Paul et al., 1994). The adiabatic flame
temperatures for the LPP flame and the flat flame are 1979 K and 2000 K, respectively.
Therefore, within the experimental accuracy of the calibration slopes (typically ~10%),
we will adopt the position that destruction of NO is not a significant factor in the

transport of doped NO to the central region of the LPP flame.

7.5 Results And Discussion
The experimental method for obtajning the NO proﬁles is similar to that discussed

in Chapter 4, with the exception that relative calibrations are not utilized. Instead, the

nrw [AREAT ]
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(¢ =0.75, 3.76 dilution ratio, 475 K preheat) LPP flame at 4.27 atm.
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radial profiles are calibrated to their specific centerline values immediately before
measurement of each radial profile. This eliminates any error in the transmission
calculations and in the transport of relative calibrations. The NO (ppm) profiles for the
4.27-atm LPP flame are shown in Figure 7.5, with each radial profile mirrored to reflect
its symmetric nature. A representative accuracy bar is shown with typical accuracies of
+12% at the 95% confidence limit. Note the rad1al dlvergence of the proﬁles as the flame
spreads outward. Moreover unlike the LDI ﬂame the LPP flame demonstrates
continued productxon of NO up to a sufficient hexght within in the flame. This behavior
suggest little, if any, recirculation of combustion products. The peak NO values are
located at the 20-mm ax131 centerline position. Farther downstream it appears that NO is
radlally drsmbuted info a larger flame cross-section. This phenomenon could be a
thermal effect, with a potentially hotter inner portion of the flame near the root and rapid
heat loss as the flame diverges. The cooler downstream temperatures could freeze
thermal NO production. B

The influence of eqmvalence ratio demonstrates a pronounced effect on the

formation of NO within this LPP flame. Flgure 7. 6 dlsplays a factor of 10 increase in NO
at the 20-mm centerline height as the equivalence ratio rises from 0.65 to 0.75. Since the
adiabatic flame temperature would increase ~170 K owing to this change, thermal NO
appears again to be the responsible mechanism. If we consider the forward reaction for

thermal NO production,

N2+02>N0+N, (7.1)
—38370
k,=182-10"¢ ™™ cm’/gmol-s , (7.2)
and assume equilibrium between O and O,
K,
0,20 1.3)
=21215

K =e™® | (7.4)
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then a simplified expression for the production of NO can be obtained, i.e.,

o Vi
d[NO] K,P
o =2kf[ R‘:T) LANG (1.5)
Recognizing that concentrations can be converted to mole fractions via
P
[N2]= xn, RuT (76)
P
[0,]=x,, RT - (1.7)

the production of NO can be expressed on a mole-fraction basis as

p

%
dx K P°) P
dl:O = 2k] ( p RM)T (xNz Xxoz )}é . (7.8)

Lastly, net NO production can be calculated by integrating Eq. (7.8) with respect to time

to obtain

Xyo = | | —— |dt
o I( | (7.9)

Evaluation of Eq. (7.9) for premixed combustion at its adiabatic temperature and for a
residence time that scales with the equivalence ratio based on changes in exit velocity
reveals the dashed line of Figure 7.6, when normalized to the ¢=0.65 case. The
comparison is excellent and confirms that NO production is predominantly thermal for
this LPP flame.

The LPP data of Figure 7.6 demonstrate an exponential dependence on
equivalence ratio. This exponential increase should be expected for premixed conditions
since the adiabatic flame temperature varies linearly over this range of equivalence ratios
and the forward rate coefficient for thermal NO depends exponentially on temperature.
Recall that the LDI data of Chapter 6 demonstrated a ¢,° scaling near stoichiometric
conditions. Though a direct comparison cannot be made owing to a difference in the
range of equivalence ratios, the exponential trend noted in LPP flames suggests that the

LDI flame is not burning in a completely premixed mode.
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The influence of air-preheat temperature on NO production is shown in Figure 7.7
for ¢ = 0.75. All NO concentrations were measured at the 20-mm centerline height. A
362% increase in NO (ppm) is | reah;zed ‘with only a 100 K increase in air-preheat
temperature. This 51gmﬁcant increase strongly suggests thermal NO productlon In
particular, a 100K i increase 1h7a?preheat mduces a 70 K increase in the adiabatic flame
temperature. A 31mp11ﬁed predlctlon based on the analysis of Egs. (7.1) through (7.9),
when normalized to the 365-K case, does not fully correlate with the data because of the
slight change in flame geometry Wthh hkely affects the location of peak NO. At the
highest preheat used here the ﬂarne base is broad_ened and flame attachment is
transitioning to the ex1t onfice hp as opposed to the swirler.

Lastly, it is 1mportant to deter;nhe the pressure sca]mg for NO. At temperatures
greater than 1900 K, NO, formation becomes predormnately thermal in origin and is
limited by the availability of oxygen atoms, whose concentration scales approximately as
P% based on equilibrium considerations. Figure 7.8 displays the pressure scaling of the
20-mm axial centerline location for ¢ = 0.75, 475-K air preheat LPP flames. The mass
flow rates of air and fuel were scaled such that the residence time based on exit velocity
would be unchanged with pressure. Note that the predicted scaling based on thermal NO,
normalized to the P = 3.7-atm case, correlates within the error bars of the data. The LDI
data of Chapter 5 demonstrated a P*™ scaling, indicating that the LDI flame is not

burning sufficiently premixed so as to avoid stoichiometric influences on the pressure

scaling.

7.6_Conclusions
While direct comparisons with the LDI flame cannot be realized owing to the
different flame structures (thermally attached vs. swirl-stabilized), the data reported in
this chapter demonstrate that LIF measurements can be a valuable tool for the detection
of NO in LPP flames. As with the LDI data of Chapter 6, trends representing the effects

of important changes in operating parameters can be measured directly within high-

pressure flames.
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Quantitative LIF measurements of NO concentration have been obtained in high-
pressure LPP flames for a range of equivalence ratios (6=0.65-0.75), air-preheat
temperatures (365-480 K), and pressures (3.7-6.4 atm). A simplified analysis of
predicted thermal NO formation based on Eq. (7.9) offers comparisons to the measured
data. In general, the qualitative trends demonstrate that thermal NO is the dominant

mechanism for NO formation in these LPP flames.
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8. COMPARISON OF LASER-mijijEED AND PLANAR LASER-INDUCED
FLUORESCENCE MEASUREMENTS OF NITRIC OXIDE IN A HIGH-PRESSURE,
SWIRL-STABILIZED, SPRAY FLAME

8.1 Introduction

In this chapter, we report spatially resolved linear laser-induced fluorescence
(LIF) and planar laser-induced fluorescence (PLIF) measurements of nitric oxide (NO) in
a pre-heated, high-pressure, lean difect-injection (LDI)Vspray flame. The feasibility of
using PLIF in lieu of LIF is assessed with respect to measuring NO concentrations in an
LDI spray flame at 4.27 atm. NO is excited via the resonant Q2(26.5)'transition of the
¥(0,0) band while a non-resonant wavelength is employed to subtract background
interferences. LIF detection is performed in a 2-nm region centered on the ¥(0,1) band.
PLIF detection is performed in a 68-nm window that captures fluorescence from several
vibrational bands. An in-situ NO doping scheme for fluorescence calibration is
successfully employed to quantify the LIF signals. However, a similar calibration
scheme for the reduction of PLIF images to quantitative field measurements is plagued
by the laser-excited background. Excitation scans and calibration comparisons have
been performed to assess the background contribution for PLIF detection. Quantitative
radial NO profiles measured by LIF are presented and analyzed so as to correct the PLIF
measurements to within the accuracy bars of the LIF measurements via a single-point

scaling of the PLIF image.
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8.2 Background
This investigation is concerned with the development of a quantitative, non-

intrusive, scheme by which NO concentrations can be measured in high-pressure spray
flames. Several researchers have utilized optical measurements of minor species in such
flames. Allen et al. (1994) obtained qualitative [OH] images in heptane-air spray flames
formed via both solid and hollow-cone nozzles and burned at pressures of 0.1-0.8 MPa..
Excitation of OH was achieved by employing the P;(8) transition at 285.67 nm. The
effect of interfering PAH fluorescence was assessed by using a spectrometer to separate
the fluorescence spectrum into individual features. A laser-induced signal exhibiting
features at 350 nm, 400 nm, and 450 nm was found on a quasi-continuum background at
lower pressures. The strength and spectral characteristics of this broad background were
observed to be independent of excitation wavelength within a 5-nm region centered on
the P;(8) transition, which indicated the presence of a broad absorbing species such as a
large molecular weight hydrocarbon. As the pressure rose, the above spectral features
became non-discernable and exhibited a P? increase in fluorescence strength.

In an extension of this work, Allen ef al. (1995) performed similar [OH] imaging
in ethanol flames and further assessed the effects of PAH interferences. While alluding
to potential NO measurements, Allen ef al. (1995) suggested that excitation near 226 nm
may produce more severe laser attenuation and hence PAH fluorescence. To test this
conjecture, Upshulte ef al. (1996) obtained qualitative PLIF images of NO, O,, and fuel
vapor by employing excitation wavelengths of 226 nm and 308 nm. Measurements were
made for ethanol fuel in the same high-pressure, spray-flame combustor used by Allen et
al. (1995). As expected, a broad interference signal attributed to PAHs was discovered
and assigned to a nominal 5% of the NO signal at atmospheric pressure.

Locke et al. (1995) utilized PLIF to image hydroxyl concentrations in a high-
pressure (10-14 atm) combustor supplied with Jet-A fuel (0.59-0.83 kg/s) through lean
direct-injection (¢ = 0.41-0.53) with preheated air (811-866 K). Though this work only
assessed the qualitative distribution of OH radicals in the reacting flow, the combustor
was designed to simulate actual gas turbine conditions. The authors found that elastically

scattered light and PAH fluorescence were not evident in the downstream regions of their
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LDI-based combustor. This was a significant finding, as quantitative LIF measurements
in harsh environments are an end goal of optical diagnostics in spray flames.

Coopér and Laurendeau (199/8:a'): devéldped a saturated-LIF (LSF) technique
capable of quantitative measurements of NO concentration in an atmospheric,
unconfined, swirl-stabilized spray flame based on a lean direct-injection design. The
burner incorporated a helical swirler with a central hollow-cone, pressure-atomized spray
nozzle supplied with liquid heptane. A converging/diverging orifice was positioned
immediately after the swirler/injector assembly. The”di’ag;nostic technique incorporated a
subtraction method to remove Mie-scattering backérbgnd from the NO fluorescence
signal. Because of the inherently low sensitivity of LSF to variations in the electronic
quenching rate coefficient, a ﬁﬁorescencé calibrzil'tionr &cveloped in a reference flame
could be successfully transported to the LDI spréy flame: =

Cooper et al. (1998) continued the previous wbrk by comparing linear-LIF based
techniques, both point-LIF and planar-LIF, to the LSF method. Because the linear
techniques could not employ a transported calibration, the entire flow field was scaled by
the ratio of a linear to a saturated ﬂuoreéce'nicrejrsignaﬂ at a single point in the measurement
field. This procedure produced an NO field that fell entirely within the accuracy bars of
the more quantitative LSF measurements. In this way, Cooper et al. (1998) demonstrated
the feasibility of a potential calibration method for high-pressure LIF measurements of
NO in spray flames.

In a similar manner, Ravikrishna ez al. (1999) quantified PLIF images of NO in
partially-premixed ethane flames by scaling the entire image based on a single LSF point
measurement. The authors chose the partially-premixed flame as a robust test case which
included large gradients in temperature, species concentrations, and the electronic
quenching rate coefficient. Despite using a single-point scaling method, over 90% of the
PLIF measurements fell within the accuracy bars of the LSF data.

In this chapter, we assess the utility of planar laser-induced fluorescence for
quantitative measurements of NO in the harsh environment of a high-pressure spray

flame. In particular, broad-band PLIF measurements are compared to narrow-band LIF
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measurements to evaluate the extent to which PLIF can be made quantitative despite

strong interferences from hot O; and hydrocarbon intermediates (PAHs).

8.3 Operating Conditions
The LDI burner is operated at a pressure of 4.27 atm and a primary equivalence

ratio ¢, = 0.9 using liquid heptane metered at 0.36 g/s and air at 6.07 g/s. The air is
preheated to 375 K to assist in vaporization and mixing of the fuel. Because of the
intense mixing, the flame is essentially non-sooting and blue. An additional co-flow is
introduced to aid in flame stabilization that reduces the overall equivalence ratio to 0.85,
assuming complete entrainment into the combustion zone. This flame is identical to the

nominal flame studied in Chapter 6, as pictured in Figure 6.1.

8.4 Laser-Induced Fluorescence Measurements

Our previous work developed an excitation/detection scheme for use in LDI
flames at pressures of 1-5 atm (Cooper and Laurendeau, 1998a; Cooper and Laurendeau,
1999¢c). In particular, excitation of the Q2(26.5) line of the ¥(0,0) band of NO at 225.58
nm is followed by detection of the y(0,1) band with a 2-nm window centered at 235.78
nm. An off-line wavelength at ~225.53 nm is excited and monitored to determine any
background for the NO fluorescence signal. At atmospheric pressure, the utility of this
approach lies in subtraction of Mie-scattering interferences that break through the
monochromator despite the ~10-nm separation between the excitation and detection
wavelengths. At higher pressures, this scheme is critical to the detection of NO levels
below 10 ppm owing to the background produced by the O, Schumann-Runge spectrum.

Chapter 5 details linear LIF measurements for the LDI burner at pressures up to
5.35 atm (Cooper and Laurendeau, 1999b; Cooper and Laurendeau, 1999c). For these
measurements, a calibration scheme was developed which allows in-situ doping of NO

through the spray flame with no apparent destruction. The calibration slopes for the



140

spray flame were validated through comparisons with similar measurements in flames of

known spectral and chemical characteristics.

84.1 Mie Scattering Profiles

The influence of Mie scattering at 4 atm was assessed by measuring scattering
profiles so as to locate 'regfbns Vofr ilééify droplét mtex:ference Scattered light at the
ihéidént laser wavelerigﬁi is passed through neutral deﬂSit§ ﬁlters and collected via a %-m
monochromator in a 2-nm window centered at ~226 nm. Figure 8.1 depicts the resulting
Mie scattering profiles, plotted as arbitrary units and i)resented only to visualize the spray
structure. These profiles compare favorably with the expected profiles based on our 1-
atm study, namely ax1symmetnc double-peaiced proﬁlgsi that reveal the spray sheath
typically associated with strongly swirling spray flames (LLee and Chehroudi, 1995).

8.4.2 LIF Measurement Scheme
Typical LIF measurements in harsh environments employ a calibration based on a
well-characterized flame (Cooper and Laurerideau, 1998a; Cooper et al., 1998). The

accurate transfer of a calibration from one flame environment to another requires that

Qe.LDI

e,ref

[NOI.o1, assotue =( )[NO]W.,,W (8.1)

in other words, the concentration measurements relative to the calibration obtained in the
reference flame, [NOJ1pj retarive, Must be scaled by the ratio of the electronic quenching
rate coefficients in the LDI and reference flames. This pfocedure yields absolute
concentration measurements, [NOlprapsoire. While species profiles for a flat, premixed
reference flame can be accurately predicted via PREMIX (Kee et al., 1985), the LDI
flame cannot be adequately modeled so as to provide the distribution of major species

concentrations. Consequently, an estimate cannot be determined for the required ratio of
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local electronic quenching rate coefficients, and thus an in-situ calibration method is
required for LDI spray flames (Cooper and Laurendeau, 1999b; Cooper and Laurendeau,
1999c).

The results from our atmospheric study demonstrate that the central region of the
recirculation zone can provide a successful fluorescence calibration, barring any
destruction of NO as it is transported from the reactants to thlS region (Cooper et al.,
1998). Doped NO in spray flames must be transported through the rich regions
surrounding the Ilquxd droplets, possibly prornotmg NO destruction. Moreover, the
degree of local partial premixing and the local strain rate could play a large role in the

destruction of NO. These issues are not readily modeled for the LDI flame, so that an

expenmenta] validation is required for any in-situ dopmg process. In Chapter 4, we
experimentally validated an in-situ doping meﬂlod for the LDI burner, whereby the flame
was seedeci with varymg levels of NO and the fluorescence signals at these levels were
measured. The measurement location was chosen to be the centerline location at a 35-
mm axial height so as to reduce background interferences. NO was seeded into the flow
throﬁghr.;ii(iOO-ppm doped nitrogen. After this experiment, the high-pressure vessel was
immediately modified to incorporate a flat-flame McKenna bumner and placed back into
the translation assembly. Calibration measurements were then performed in the post-
flame region of a lean (¢ = 0.8, 3.76 dilution ratio) CHy/O,/N»/NO flame at the same
pressure. This flame is well characterized and has been utilized previously for spectral
and calibration comparisons (Thom_sen et al.,, 1997). As shown in Chapter 5, the
excellent similarity of the calibration slopes demonstrates that NO destruction is not a
significant factor in the transport of doped NO to the central region of LDI flames at
pressures up to 5 atm (Cooper and Laurendeau, 1999b; Cooper and Laurendeau, 1999c¢).
Further discussion of the experimental method employed to obtain NO profiles is

included in Chapter 4.
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8.4.3 NO LIF Profiles

Figure 8.2 demonstrates the corrected data whereby each radial profile is
calibrated by the centerline fluorescence calibration at the particular axial height and
plotted as a function of the radial coordinate. Accuracy bars are typically +25% at the
95% confidence interval, with an average repeatability within 12%. In general, the NO
profile at each axial height demonstrates a uniformity of the NO mole fraction throughout
the central region of the LDI flame. In particular, note that the centerline value at each
axial height is constant to within 15%. This can be attributed to the well-mixed nature of
the internal recirculation zone for this geometry, as demonstrated by previous researchers
(Alkabie and Andrews, 1989; Terasaki and Hayashi, 1996). In particular, Terasaki and
Hayashi (1996) demonstrated fairly uniform radial temperatures within the recirculation
zone in a similar swirl burner. Our measurements are focused on this homogeneously
mixed recirculation zone and therefore are limited by radial temperature gradients near
the shear layer. Careful examination of Figs. 8.1 and 8.2 demonstrates that our
measurements are spatially located between the centerline and the spray sheath, thus
avoiding radial temperature gradients.

Since each radial profile is referenced to the calibration taken at its centerline, the
profiles ultimately become skewed as the laser transmission decreases with increasing
path length. Hence, those measuremenfs taken past the centerline are preferentially
lower, whereas those taken prior to the centerline are preferentially higher. It should be
emphasized, however, that the centerline measurement for each axial calibration is an
absolute measurement, as all effects other than possible NO destruction are inherently
included in the calibration. To correct for the skewness of the NO profiles that resulted
from absorption losses, the profiles were mirrored and averaged. A simple model was
constructed to validate this correction technique for a range of absorption coefficient
profiles and NO concentration profiles in an axisymmetric flow, recognizing that both the
laser beam and NO fluorescence pass through different path lengths as a function of
measurement position. The results indicate that this correction procedure is quite

satisfactory owing to the centerline pivot point that the profiles are referenced to via the
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fluorescence calibration. The accuracy of the method obviously increases as the NO

concentration profiles and the extinction coefficient become more uniform across the

flame.

8.5 PLIF Measurements
We have shown in Chapters 4 and 5 that the narrowband LIF technique yields

excellent results despite the harsh environment of spray flames (Cooper and Laurendeau,
1999b; Cooper and Laurendeau, 1999c). This fact permits us to consider PLIF as an
additional tool by which to explore the NO concentration field. If the detected
fluorescence is not plagued by Mie scattering or laser-induced interferences, i.c., 0.,
PAH, or UHC fluorescence, then the opportunity exists to make quantitative images of
NO concentration. In particular, the subtraction technique must employ two excitation
wavelengths having common backgrounds within the broadband spectral window for

PLIF.

8.5.1 PLIF Excitation Scan Comparison

The narrowband detection window for LIF was chosen based on a common and
small background at the two excitation wavelengths (Thomsen et al., 1997). For the
broadband detection window used in PLIF, off-line wavelength excitation should
accurately mimic the Mie background; however, an accurate representation of any O
interferences cannot be guaranteed without further work. To experimentally assess the
background in the PLIF detection window, an excitation image sequence was performed
whereby the cumulative fluorescence from 1200 laser shots was summed on chip and
normalized by the laser power. The laser excitation wavelength was shifted after each
image so as to scan the spectral region of interest, namely 225.5 to 225.6 nm, thus
encompassing the Q(26.5) transition of NO. A 1-mm x 1-mm region in each image at
the centerline of the 15-mm axial height was averaged and compared with a similar scan

at the same location when utilizing narrowband LIF. The results of this comparison are
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shown in Figure 8.3, where the scans have been normalized to a maximum signal level of
unity. The on-line excitation wavelength is labeled at the Q2(26.5) transition, while the
| off-line excitation wavelength used in the LIF meastircments is labeled near 225.52 nm.
The off-line wavelength demonstrates an increased PLIF signal level relative to that for
LIF. Since the LIF spectrum has been well charaéterizcd (Thomsen et al., 1997; Cooper
and Laurendeau, 1999b; Cooper and Lau;‘cndeéu,' 1999¢), we surmise that the off-line
excitation wavelength likely excites an interference within the broadband detection

window for PLIF that is not common to the on-line excitation wavelength.

8.5.2 Calibration Slope Comparison

To better characterize the increase in background when using a broadband
detection window, calibrz{ﬁon measurements were performed whereby NO was doped
into the flame in a manner identical to that for previous LIF measurements (Cooper and
Laurendeau, 1999b; Cooper and Laurendeau, 1999¢). The NO doping gas contained
3000 ppm NO in N; which was metered to achieve levels of less than 100 ppm in the
flame products. A 1-mm X 1-mm square along the centerline in the well-mixed region
was averaged and utilized to obtain a broadband calibration slope from the various
doping levels. This region displays uniform narrowband calibration slopes which are
independent of axial height owing to a lack of thermal gradients in the axial direction
(Cooper and Laurendeau, 1999c). Hence, similar calibration slopes measured with
narrowband LIF were taken at the same position in the flame for comparison. The two
data sets, LIF and PLIF, were then normalized to unity at the maximum doping condition
for on-line excitation. A comparison of the two calibration sets utilizing both on-line and
off-line excitation is shown in Figure 8.4. While the on-line calibration slopes are very
similar, the off-line calibration intercepts are quite different. The obvious shift validates
the increased background observed in Figure 8.3. To further emphasize the preferential
off-line excitation, the ratio of off-line to on-line signals is plotted in Figure 8.5. This

ratio is very small for the LIF measurements owing to the essentially negligible common
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background, whereas the ratio is much larger for PLIF measurements and demonstrates
the expected result, i.e., as the level of doping rises, the ratio decreases owing to the
increase in NO signal relative to the background.

To convert PLIF images to quantitative NO concentration measurements, Cooper
et al. (1998) and Ravikrishna et al. (1999) utilized a single-point scaling technique to
collapse the PLIF profiles to within the accuracy bars of more quantitative laser-
saturated fluorescence (LSF) measurements. Cooper et al. (1998) were able to quantify
time-average PLIF data since the electronic quenching rate coefficient was found to be
essentially uniform in the central region of the LDI spray flame. Recognizing that the
background is pressure dependent (Thomsen ez al., 1997), a complete spectral study
would be required to identify an on-line/off-line scheme with a common background in
the 68-nm detection window of the ICCD camera. As such an exhaﬁsine étudy is not the
focus of this work, we simply utilize a single-point scaling of the méasurements to

quantify the PLIF data.

8.5.3 PLIF Experimental Method

The procedure to convert a PLIF image to an NO concentration field is very

similar to that for LIF. We utilized an on-line wavelength (225.58 nm) resonant with the
Q2(26.5) transition of NO. NO was doped into the flame so as to achieve doped flow-
field concentrations of 86, 65, 44, 22, and 0 ppm. For each doping condition, an image
was recorded corresponding to the on-chip summation of 1200 laser shots. The laser was
then tuned to an off-line wavelength (225.53 nm) and a similar image was recorded. The
: data were then proééSSéd asfc;llows (i) the ﬂamc lunﬁnosify was subtracted from the
initial on- and off-line images by employing a similar image with no laser beam passing
throughthe probe Volumé£ (25 these on- and off-line 'irwnég'es were normalized by the
distribution of energy in the laser sheet via a 20-shot image which recorded Rayleigh
scattering in air; and (3) the normalized off-line image was subtracted from the
normalized on-line image. To directly compare the PLIF data with those obtained by

LSF and LIF, 1-mm squares were averaged throughout the image and horizontal stripes

U —— 0
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were extracted corresponding to h = 5, 10, and 20 mm. The slightly larger sampling
volume of the PLIF measurements compared to that of the LIF measurements was chosen
to increase the signal-to-noise ratio. A 1-mm x 1-mm region along the centerline at each
height was utilized to obtain a calibration slope from the five doping levels. In a manner
identical to the LIF measurements, the radial profiles at each axial height (5, 10, and 20
mm) were then corrected with a fluorescence calibration specific to that height. To better
compare the extracted PLIF data with the LIF data, the data sets for both measurements

are not corrected for skewing with the mirror/average procedure.

8.5.4 NO PLIF Profiles

The PLIF measurements demonstrated qualitatively similar profiles, but were a
nominal 16% smaller than the quantitative LIF measurements. This depression results
from the increased background for the PLIF detection scheme, as discussed previously.
Though a 16% discrepancy is not excessively large, more accurate data can be achieved
by scaling the PLIF measurements using a ratio of the LIF/PLIF data at the centerline 10—
mm axial height. The scale factor is ~1.19. The result of such a scaling is pictured in
Figure 8.6, with the PLIF data now collapsed to within the accuracy bars of the LIF data.

Several precautions must be noted in regard to the quantification of PLIF data.
Since the background for the two excitation wavelengths is large and not common in the
PLIF detection window, the off-line/on-line fluorescence signal depends on the doping
level. Moreover, since we are using a subtraction procedure, the variation in this ratio
throughout the flame would normally cause erroneous results and the PLIF data would
not scale correctly with the LIF data. In addition, if the background itself shifts owing to
changes in the concentrations of interfering species such as O, or owing to temperature
gradients, then an effective collapse such as that demonstrated here would be difficult to
achieve. However, Figure 8.2 demonstrates a very uniform NO concentration in the
central region of the LDI spray flame. This uniformity in a minor species such as NO

likely implies uniformity in the major species. The temperature variation within the 5-
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mm to 20-mm region along the central axis has been shown to be ~10% (Cooper and
Laurendeau, 1999¢). This uniformity in species concentrations and temperature leads to
a constant off-line/on-line ratio that allows effective calibration. Hence, the LDI flame,
with its recirculation zone, is uniquely suited to quantitative PLIF images, which thus

permits this diagnostic tool to be used for the detection of NO.

8.6 Conclusions

Quantitative LIF measurements of NO concentration have been obtained in an
LDI flame fueled with liquid heptane at 4.27 atm so as to assess the utility of PLIF as a
diagnostic technique for high-pressure spray flames. The LIF profiles reveal a uniform
distribution of NO (ppm) throughout the flame. Spectral studies for a PLIF detection
scheme confirm that a broad detection window of 68 nm is plagued by fluorescence
interferences from rogue species. Nevertheless, PLIF profiles can be quantified through a
single-point scaling with the more quantitative LIF data owing to the unique attributes of
the LDI flame.

The goal of this study was to develop a laser-induced fluorescence technique
capable of measuring quantitative NO concentrations in 1-10 atm LDI-based spray
flames. Considering the excellent profile comparisons between the two LIF-based
techniques presented in this chapter, we conclude that qualitative PLIF measurements of
[NO] at high pressure can be scaled in a similar fashion by using a single calibrated point

so as to produce quantitative PLIF measurements of NO.
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9. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

9.1 Conclusions

Quantitative LIF measurements of NO concentration (ppm) have been obtained in
an LDI burner fueled with liquid heptane operating at pressures up to 5.35 atm. Spectral
signals resulting from background interferences caused by Mie scattering and oxygen
. fluorescence are removed via an on-resonance/off-resonance subtraction routine.
Through comparison of fluorescence i:iiﬁBrEtiQris ‘taken in theLDI spray flame and in a
reference ﬂame of known spectral characteristics, we have validated the use of a
convenient reactant doping method. In particular, the results indicate insignificant
destruction of doped NO, thereby allowing a simple means by which to quantify
fluorescence measurements. Quantitative NO profiles were presented at operating
pressures of 2.09; 3.18, 4.27, and 5.35 atm and were demonstrated to yield NO,
emissions close to target reduction levels. The NO profiles demonstrated a uniformity
within the central recirculation region of the flame at pressures above 3 atm. The
pressure scaling of the downstream measurements was found to be approximately P*™,

NO concentrations have also been obtained in high-pressure LDI flames for a
range of equivalence ratios (¢,=0.8-1.0) and air-preheat temperatures (375-575 K).
Parametric studies of these variables strongly suggest that NO formation occurs in near
stoichiometric regions of the flame and is subsequently diluted with excess air. A
residence time effect is evident and apparently scales with the mass flow rate of air
relative to that for stoichiometric combustion, yielding a ¢ scaling of the produced NO
(ppm) with primary equivalence ratio. Moreover, moderate increases in air-preheat

temperature produce significant increases in NO (ppm) levels, suggesting thermal NO

production.
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Quantitative LIF measurements of NO concentration have been obtained for
comparative purposes in high-pressure LPP flames for a range of equivalence ratios
(¢=0.65-0.75), air-preheat temperatures (365-480 K), and pressures (3.7-6.4 atm).
Simplified analyses of predicted thermal NO formation have been compared to the
measured data. The qualitative trends suggest that thermal NO is the dominant path for
NO formation in these LPP flames.

The utility of PLIF as a diagnostic technique for high-pressure spray flames has
been assessed by comparisons with LIF profiles of NO in a 4.27-atm LDI flame. Spectral
studies for a PLIF detection scheme confirm that a broad detection window of 68 nm is
plagued by fluorescence interferences from rogue species. Nevertheless, PLIF profiles
can be quantified through a single-point scaling with the more quantitative LIF data

owing to the unique attributes of the LDI flame.

9.2 Recommendations

The most significant addition to the NO data of this investigation would be the
mapping of major species and temperature through the addition of a Raman scattering
facility to compliment the existing LIF facility. The single contribution of NO
concentrations, while valuable indeed, must be used alongside other information to
understand the formation of pollutants within these spray flames. Another significant
contribution would be the measurement of velocity fields that would better define the
strength of the recirculation zone. Both additions would prove invaluable toward a
complete understanding of this type of reacting flow.

Determination of the temperature throughout the flames is particularly important.
Because of hardware limitations, a thermocouple cannot be traversed over the flame. A
two-line LIF approach, either with NO or a seed species as the detected molecule, is a
good possibility.

Another important contribution would be a diagnostic for the fuel vapor
concentration. Several opportunities for fuel detection exist, including doping seed

species into the flow or utilizing a “dirty” fuel that has significant hydrocarbon spectral
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features. We have been pressed during this investigation to pursue such a diagnostic;
however, sufficient time was unavailable, but such a study should be pursued in the
future. )

The next logical step. lS the introduction of a f‘dirty” fuel such as Jet-A into the
LDI burner. The accurate modé]iriébi; real gas-turbine combustors is the ultimate goal,
and to fully meet this goal, real fuels must be used. Heptane was chosen because it is
non-sooting and very easy to work with. With the dirarg'nostic now developed, the next
immediate step would be to measure NO in flames supplied with industrial fuels.

Experimentally, the LDI burner eventually requires a new macrolaminate nozzle
designed to provide larger mass flow rates of fuel without a large pressure drop, i.c. a
larger flow number. To achieve the air flow rates needed to exceed ~6 atm within the
vessel, a new bui]ding compressor and new ballast tanks will be required. Existing safety
concerns limit the available building pressure to ~9 atm. Moreover, the ballast tanks,
even when fully pressurized, cannot provide a steady continuous flow of air, i.e.,
compressor surge becomes a serious problem.

To monitor the flame front region, the spatial probe volume will have to be
significantly decreased. Unfortunately, a reduction in probe volume forces a reduction in
the signal-to-noise ratio and decreases the accuracy of the measurements. Currently, our
photomultiplier tubes are shot limited, meaning that the largest contribution to our error
lies in the inherent noise of the PMT. The introduction of a superior photomultiplier tube
would greatly benefit further investigations.

During the course of this work, a unique way of preventing window condensation
has been discovered for low heat-output flames, e.g., the McKenna burner. The use of
infrared radiant heaters maintains the window surface at a sufficient temperature to avoid

such problems, which can be a considerable nuisance in high-pressure work.
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Appendix A: Error Analysis

To sufficiently quantify LIF measurements of NO, an estimate of the inherent
errors contained in the measurements must be made. These measurements must be
analyzed to determine both the precision and accuracy of the experimental data. The
precision is a measure of the repeatability of the measurements, whereas the accuracy isa
measure of how close thé data compare to the actual values of NO concentration in the
flame and thus contains the precision plus any systematic errors.

Factors affecting the precision, and hence the repeatability of the measurements,
include PMT shot noise and electronic data acquisition noise. The accuracy of the
measurements largely depend on the calibration scheme. The accuracy of the doped
concentrations and possible destruction of NO in the flame affect the accuracy of the
calibrated NO measurements in the LDI flames.

In the following, the focus is on determination of the measurement accuracy, as
opposed to the precision. All uncertainties are based on a 95% confidence level.
Therefore, the uncertainty of a measured quantity is defined as twice the standard

deviation of the mean. For a given measured variable y with standard deviation o that

has been sampled N times, the uncertainty dy is then

(A1)

5y=-TN-—.

A.1 Propagation of Errors
The method of propagation of errors (Taylor, 1982) can be used to determine the
accuracy of the data. For a given function g(x,...,z), where x,...,z are independent,

random, measured quantities with respective uncertainties ..., the uncertainty of g is

defined as
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oo ]

Thus for a given function of the type

) g=x+..+z, (A3)
the resulting uncertainty in q is
5q=\/(5x)2+...+(5z)2 . (A4)
For a function of the type -
S g=xx.xz, (A.5)
the uncertainty in q is
8q=(z-6x)+.+x-82)" . (A.6)

Equation (A.6) can be framed in the form of a relative uncertainty, & (q) = 5% , to yield

£(g)=yelx) +.+6(z)" . (A7)
We have therefore defined the relational expressions for uncertainties in g for summation
functions and product functions where the variables x and z are independent of each

other.

In the case where x and z are not independent, the uncertainty & for a function of

the form of Eq. (A.3) is
8q=0x+..+dz, (A.8)

whereas for a function of the form of Eq. (A.5) the relative uncertainty is

£(g)=&(x) +..+ &z). (A.9)
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A.2 LIF Measurements
As detailed in Chapter 4, the relative NO signal referenced to the 35-mm height is

LIFon,h - LIFOE_,L . z.glolml,cal .Tsool,cal

ppm,rel =
Mot cal T giobal p * Tsoot s

[NO]

(A.10)

Each value in the above equation has its own uncertainty as outlined below. The LIF

signals, both online and offline, are represented generically as

Vorr =V,
UF:-%—‘;MML ) (A.11)
PD "~ YbuPD

As with any measured voltage, the electronic background, V,, must be subtracted from
the measured voltage, V, to yield the actual dynamic voltage. Accounting for the

uncertainty in each of the above values yields

2

2
2 2 2 2
Vo + Y, . VBVio? + 6V, o

£ (A.12)
= VP _Vb,PMT Ve "Vb. PD
The net uncertainty in the LIF, , — LIF,, term is then
Sur, ,-1iryy =\ Erirn  LIF } +(€p g - LIF g F. (A.13)

For this work, the extinction of fluorescence and laser irradiance through the
flame must be taken into account, as well as soot transmission variations on the window.
A similar procedure to account for the uncertainties in the transmission terms, both for
the global and soot terms follows, recognizing that each transmission ratio is comprised

of measured photodiode signals located before (PD,A) and after the flame (PD, B):
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VPDB VbP
T_m,_ VPDA VbPDA cal

Ty [VPD 8~ Vorp, B} ’ (A.14)
h

VPD A Vb PD,A

The measured NO signal in the LDI flame must be converted to a concentration
via the differential doping calibration discussed in Chapter 4. We choose twice the
standard error in the calibration slope, m, based on a least-squares fit of the data to be the
relative uncertamty in the precision of the measured slope &m,). The subscript p has
been used to denote precision. Addmona]ly, the accuracy of the measured slope will be
affected by the mdependent uncertainty of the NO concentratlon in the calibration gas,
&NOy), and the dependent error associated with destruction of doped NO as it passes
through the flamefront, gNO;). The relative uncertainty of the calibration gas
concentration has been previously measured as ~3%, whereas the relative uncertainty
owing to NO destruction has been consefvaﬁ\iely"es'timated as ~5% (Thomsen, 1997).

Therefore, the relative uncertainty in the accuracy of the calibration slope is

&m,) = \/E(NO ) +e(m,)’ +€(NO,). (A.15)

where the subscript a has been used to denote the accuracy.

Finally, the total relative uncertainty in the measured [NO]ppm i for the LDI flame

is a function of the indi"vidu’é]r; uncertainties of each term. Recognizing that the
uncertainties in transmission effects and LIF signals are dependent terms, that the
cahbrat:lon slope uncertamty in these equatlons is an mdependent term, and including a
- _ifactor Wthh accounts for the vanatlon m ﬂuorescence owing to Boltzman and electronic

quenchmg rate effects the total relative uncertamty is:

€([N0]ppmz) = \/ Suppn.um;z +&m, )+, +£(T,0) . (A.16)

T
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The term &; represent the relative uncertainty of the combined transmission effect in
(A.10), namely
£ = T gioval cal * T soot,cal (A.17)
. . .
T gtobalh * Csoot b

The relative uncertainty in the §7,0Q) term has been conservatively estimated as 5%.

Continuing in this same vein, the total relative uncertainty in the absolute NO

concentration, [NOJypm abs, can be calculated from Equation (4.11), repeated below:

— mner,cal z.global,h : Tsoot,h
[NO]PPm,abS - [No]ppm,rel : : . (A.18)
global cal ) Tsoot.cal mnex,h

The above error analysis, more appropriately termed an “accuracy analysis,” was used to
determine the accuracy of the LIF measurements. Aside from the listed uncertainties
given in the above derivation, all remaining uncertainties depend on the actual measured
data.

As a simple example of this type of error analysis, Table A.1 demonstrates typical
values at h=40 mm, r=0 mm for the 4.27-atm, ¢,=1.0, Ta=375 LDI flame utilizing a
calibration taken at that point. For this case, the & and g7,Q) terms are not required
since the calibration is taken at the same location and at the same time.

For the LIF measurements in this thesis, the typical relative uncertainty was
+25%. No attempt was made to determine the accuracy of the PLIF measurements;
however, based on previous work by Partridge (1996) in gaseous flames, the relative

uncertainty can be estimated to be greater than +28%.
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Typical error terms for LDI flame (P=4.27 atm, ¢,=1.0, T.=375 K, h=40

mm, r=0 mm).

Notation Term Value
On —line Veur = Vs ot 2.260
On—line Nour 0.141
On —line OV, i 0.00759
On —line Voo =Vo.p 3.977
On—line oV, 0.0394
On —line oV, m 0.000163
Off —line Veur = V. pur 0.183
Off —line Vpur 0.0769
Off —line OV, pur 0.00300
Off ~line Voo =V rp 3.648
Off —line oV, 0.0595
Off —line oV, m 0.000231
On —line LIF,, 0.568
On - line Sur., 0.0358
Off —line LIF,, 0.0502
Off ~line Our, 0.0211

Net LIF, , - LIF,, 0.518
Net S 0.0416
Net m 0.00950
Net &NO,) 0.03
Net &(m,) 0.0478
Net gNOY) 0.05
Net &gmyg) 0.106
Net NO (ppm) 54.541
Net Eno 0.133
Net Svo 7.268
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Appendix B: Modeling Work

Though the LDI flames utilized in this research are complex, we attempted to
validate the measured trends through several computational models. One such method
employed the SANDIA Perfectly-Stirred Reactor (PSR) Code, a subset of the AURORA
code released by Reaction Design, and a heptane kinetic mechanism coupled with NO
chemistry (Held, 2000). Table B.1 lists the reactions in the mechanism, élong with their
rate coefficients. A stoichiometric mixture was used with the residence time altered to
reflect that supplied to the LDI burner at a given primary equivalence ratio. Dilution of
the mixture was accomplished by scaling the stoichiometric products with the same
equivalence ratio, thus accounting for the excess air that appears to dilute the products
based on the discussion of Chapter 6. In this comparison, the equivalence ratio is
analogous to the residence time in the reactor. A lower equivalence ratio means a lower
residence time and more dilution by excess air. In addition, the PSR was modeled at a
constant temperature based on adiabatic combustion, thus resembling the stoichiometric
spray sheath suggested in Chapter 6. Taking the reference case to be at 4-atm, ¢,=0.9,
the PSR code residence time for this condition was chosen to yield the same net NO
production (~46 ppm). The plot of temperature and NO (ppm) shown in Figure B.1
demonstrates the typical behavior of perfectly-stirred reactors. The range of residence

times utilized in this study is noted and will be discussed shortly.



Table B.1: Heptane mechanism reactions.

(k = A T**b exp(-E/RT))

A(mole-cm-sec-K)

b E (cal/mole)
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1. H+02<=>0+0H

2. O+H2<=>H+OH

3. H2+OH<=>H20+H
4. O+H20<=>0OH+0H
5. H2+M<=>H+H+M

H2 Enhanced by
H20 Enhanced by
CO Enhanced by
CO2 Enhanced by
AR Enhanced by

6. H2+AR<=>H+H+AR
7. O+O+M<=>02+M

H2 Enhanced by
H20 Enhanced by
AR Enhanced by
CO Enhanced by
CO2 Enhanced by

8. O+O+AR<=>02+AR
9. O+H+M<=>0H+M

H2 Enhanced by
H20 Enhanced by
AR Enhanced by
CO Enhanced by
CO2 Enhanced by
10. H+OH+M<=>H20+M
H2 Enhanced by
H20 Enhanced by
AR Enhanced by
CO Enhanced by
CO2 Enhanced by

11. H+O2(+M)<=>HO2(+M)

2.500E+00
1.200E+01
1.900E+00
3.800E+00

0.000E+00 = .
5.84E+18

2.500E+00
1.200E+01
0.000E+00
1.900E+00
3.800E+00

2.500E+00
1.200E+01
7.500E-01

1.900E+00
3.800E+00

2.500E+00
6.300E+00
3.800E-01

1.900E+00
3.800E+00

1.92E+14
5.08E+04
2.16E+08
2.97E+06
4.58E+19

6.17E+15

1.89E+13
4.71E+18

2.21E+22

4.52E+13

.0 164390
2.7 6290.0
1.5 3430.0
2.0 13400.0

-1.4 104380.0

1.1 1043800
5.0

.0 -1788.0
-1.0 .0

-2.0 0

0 0

Low pressure limit: .67000E+20 -.14200E+01 .00000E+00

H2 Enhanced by
H20 Enhanced by
AR Enhanced by
CO Enhanced by
CO2 Enhanced by

12. H+02(+AR)<=>HO2(+AR)

2.500E+00
1.200E+01
0.000E+00
1.900E+00
3.800E+00

4.52E+13

0 .0

Low pressure limit: .61670E+18 -.80000E+00 .00000E+00

TROE centering:

.S0000E+00 .10000E-29 .10000E+31



13. HO2+H<=>H2+02
Declared duplicate reaction...

14. HO2+H<=>H2+02
Declared duplicate reaction...

15. HO2+H<=>0OH+OH

16. HO2+0<=>02+0H

17. HO2+OH<=>H20+02

18. HO2+HO2<=>H202+02
Declared duplicate reaction...

19. HO2+HO2<=>H202+02
Declared duplicate reaction...

20. H202(+M)<=>0OH+OH(+M)
Low pressure limit:
TROE centering:

H2
H20
CO
CO2
AR

Enhanced by 2.500E+00
Enhanced by 1.200E+01
Enhanced by 1.900E+00
Enhanced by 3.800E+00
Enhanced by 0.000E+00

21. H202(+AR)<=>0OH+OH(+AR)
Low pressure limit:
TROE centering:

22. H202+H<=>H20+0OH

23. H202+H<=>HO2+H2

24. H202+0<=>0H+HO2

25. H202+0OH<=>HO2+H20
Declared duplicate reaction...

26. H202+OH<=>HO2+H20

Declared duplicate reaction...

27. CO+0+M<=>CO2+M
H2 Enhanced by 2.500E+00
H20 Enhanced by 1.200E+01
AR Enhanced by 8.700E-01
CO Enhanced by 1.900E+00
co2 Enhanced by 3.800E+00

28. CO+02<=>C02+0

29. CO+OH<=>CO2+H

30. CO+HO2<=>CO2+OH

31. HCO+M<=>H+CO+M
H2 Enhanced by 2.500E+00
H20 Enhanced by 1.200E+01
CO Enhanced by 1.900E+00
CcO2 Enhanced by 3.800E+00

32. HCO+02<=>CO+HO2

.12020E+18 .00000E+00 .45500E+05
.50000E+00 .10000E+31

.19040E+17 .00000E+00 .43000E+05
.50000E+00 .10000E+31

6.63E+13 0 21300
3.00E+15 .0 12000.0
169E+14 .0 8740
1.81E+13 .0 -397.0
1.90E+16 -1.0 .0
420E+14 0 119820
1.30E+11 .0 -1629.3
295E+14 .0 484300
.10000E-29

295E+14 .0 484300
.10000E-29

1.00E+13 .0 3590.0
4.82E+13 .0 79500
9.55E+06 2.0 3970.0
100E+12 0 .0
5.80E+14 .0 95570
251E+13 .0 -4540.0
2.53E+12 .0 47700.0
1.50E+07 13 -765.0
6.02E+13 .0 230000
1.86E+17 -1.0 17000.0
758E+12 .0 4100
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33. HCO+H<=>CO+H2

34. HCO+0<=>CO+0OH

35. HCO+OH<=>CO+H20

36. HCO+O<=>CO2+H

37. HCO+HO2<=>CO2+OH+H

38. HCO+CH3<=>CO+CH4

39, HCO+HCO<=>CH20+CO

40. HCO+HCO<=>H2+CO+CO

41. CH20+M<=>HCO+H+M

42. CH20+M<=>CO+H2+M

43. CH20+H<=>HCO+H2

44. CH20+0<=>HCO+OH

45. CH20+OH<=>HCO+H20

46. CH20+02<=>HCO+HO2

47. CH20+HO2<=>HCO+H202

48. CH20+CH3<=>HCO+CH4

49. CH30+M<=>CH20+H+M

50. CH30+H<=>CH20+H2

51. CH30+0<=>CH20+0OH

52. CH30+OH<=>CH20+H20

53. CH30+02<=>CH20+HO2
Declared duplicate reaction...

54. CH30+02<=>CH20+HO2
Declared duplicate reaction...

55. CH30+HO2<=>CH20+H202

56. CH30+CO<=>CH3+C02

57. CH+02<=>HCO+O

58. CH2+H<=>CH+H2

59. CH2+0<=>CO+H+H

60. CH2+O<=>CO+H2

61. CH2+02<=>CO+OH+H

62. CH2+02<=>CO+H20

63. CH3+OH<=>CH2+H20

64. CH3+O<=>CH20+H

65. CH3+O2<=>CH30+0

66. CH3+HO2<=>CH30+OH

67. CH3+CH3(+M)<=>C2H6(+M)

7.23E+13
3.02E+13
3.02E+13
3.00E+13
3.00E+13
1.20E+14
1.80E+13
3.00E+12
4.00E+23

8.25E+15

1.14E+08
1.81E+13
4.80E+09
2.00E+13
1.50E+13
5.54E+03
8.30E+17
2.00E+13
6.00E+12
1.80E+13
9.03E+13

2.20E+10

3.00E+11
1.60E+13
1.00E+13
9.64E+13
1.05E+13
1.05E+13
1.13E+13
4.82E+12
1.50E+13
8.43E+13
1.99E+18
2.00E+13
9.03E+16

Sooboooooo

-1.7
.0
1.7
0
1.2
.0
0
2.8
-1.2

cocoo

o

Lobbobobboo

1
[a—y

.0
-1.2

Low pressure limit: .31800E+42 -.70300E+01 .27620E+04

TROE centering:
68. CH4(+M)<=>CH3+H(+M)

3.70E+15

.61900E+00 .73200E+02 .11800E+04

0

Low pressure limit: .72100E+31 -.34900E+01 .10590E+06

69. CH4+H<=>CH3+H2
70. CH4+0<=>CH3+0OH
71. CH4+OH<=>CH3+H20
72. CH4+02<=>CH3+HO?2

5.47E+07
6.93E+08
5.72E+06
4,00E+13

20
1.6
20

0

cooobobo

91470.0
69540.0
1834.0
3080.0
-447.0
39000.0
15200.0
5862.0
15500.0
.0
.0
0
11980.0

1748.0

.0
11800.0

Coooboo

-

5000.0
.0
29230.0
1076.0
654.0

103800.0

11210.0
8484.0
2639.0
56910.0
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73. CH4+HO2<=>CH3+H202
74. CH3+CH3<=>C2H4+H2
75. CH3+CH3<=>C2H5+H

76. C2H+0<=>CO+CH

77. C2ZH+02<=>HCCO+O

78. C2H+02<=>CO+HCO

79. HCCO+H<=>CH2+CO

80. HCCO+0O<=>H+CO+CO
81. HCCO+02<=>C0O+CO+OH
82. C2H2+M<=>C2H+H+M
83. C2H2+H<=>C2H+H2

84. C2H2+0O<=>CH2+CO

85. C2H2+0O<=>HCCO+H

86. C2H2+OH<=>C2H+H20
87. C2H2+02<=>C2H+HO2
88. C2H3(+M)<=>C2H2+H(+M)

Low pressure limit:

89. C2H3+H<=>C2H2+H2
90. C2H3+0<=>CH2CO+H
91. C2H3+0OH<=>C2H2+H20
92. C2H3+0OH<=>CH3HCO
93. C2H3+02<=>CH20+HCO
Declared duplicate reaction...
94. C2H3+02<=>CH20+HCO
Declared duplicate reaction...
95. C2H3+02<=>C2H2+HO2
96. C2H3+02<=>2HCO+H

97. C2H3+HO2<=>CH2CO+0OH+H

98. C2H3+CH3<=>C2H2+CH4

99. C2H3+C2H3<=>C2H4+C2H2
100. C2H4(+M)<=>C2H2+H2(+M)
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41700E+42 -.74900E+01 .45500E+05

Low pressure limit: .61000E+07 .28800E+01 .67200E+05
101. H+C2H3(+M)<=>C2H4(+M)
Low pressure limit: .14000E+31 -.38600E+01 .33200E+04
78200E+00 .20750E+03 .26630E+04 .60950E+04

TROE centering:

H2
H20
CH4
CcO
CO2
C2H6
AR

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

102. C2H4+H<=>C2H3+H2
103. C2H4+0<=>CH3+HCO
104. C2H4+0OH<=>C2H3+H20

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

1.81E+11 .0 18580.0
1.00E+16 .0 32005.0
8.00E+15 .0 26512.0
1.81E+13 .0 0
6.02E+11 .0 0
241E+12 0 0
3.00E+13 .0 0
1.20E+12 0 0
1.46E+12 .0 2500.0
7.46E+30 -3.7 127100.0
6.02E+13 .0 22250.0
1.75E+13 .0 3179.0
3.56E+04 2.7 1391.0
3.38E+07 2.0 140000
1.20E+13 .0 74510.0
1.26E+32 -5.9 46800.0
3.00E+13 .0 0
9.60E+13 .0 0
300E+13 0 .0
3.00E+13 .0 0
448E+26 4.5 5480.0
1.05E+38 -8.2 7030.0
5.10E+21 -3.2 5660.0
3.27E+23 -39 5010.0
3.00E+13 .0 0
3.90E+11 .0 0
9.60E+11 .0 0
7.94E+12 .4 88760.0
6.08E+12 .3  280.0

1.32E+06
1.32E+08
2.02E+13

2.5 12240.0
1.6 4272
0 5955.0



105. C2H4+02<=>C2H3+HO2
106. C2H4+CH3<=>C2H3+CH4
107. C2ZH5(+M)<=>C2H4+H(+M)

Low pressure limit: .51000E+65 -.13960E+02 .60100E+05

108. C2H5+0<=>CH3HCO+H

109. C2H5+OH<=>C2H4+H20

110. C2H5+OH<=>CH3+H+CH20
111. C2H5+02<=>C2H4+HO2

112. C2H5+HO2<=>CH3+CH20+0OH
113. C2H5+HO2<=>C2H4+H202
114. C2H35+C2H5<=>C2H4+C2H6
115. C2H6<=>C2H5+H

116. C2H6+H<=>C2H5+H2

117. C2H6+0<=>C2H5+0OH

118. CZH6+OH<=>C2H5+H20

119. C2H6+02<=>C2H5+HO2

120. C2H6+HO2<=>C2H5+H202
121. C2H6+CH3<=>C2H5+CH4
122. C2H6+C2H3<=>C2H5+C2H4
123. CH2CO+M<=>CH2+CO+M
124. CH2CO+H<=>CH3+CO

125. CH2CO+0O<=>HCO+HCO

126. CH2CO+OH<=>CH20+HCO
127. CH3CO(+M)<=>CH3+CO(+M)

4.22E+13

-0

57600.0

6.62E+00 3.7 9500.0
490E+09 1.2 37200.0

9.60E+14
2.40E+13
2.40E+13
8.43E+11
2.40E+13

" 3.00E+11

1.40E+12
2.08E+38
5.42E+02

- 1.20E+12

5.13E+06
4.00E+13
2.94E+11
5.48E-01

6.00E+02

- 3.60E+15

7.00E+12
2.00E+13
1.00E+13
1.20E+22

0
-3.0

Low pressure limit: .87300E+43 -.86200E+01 .22400E+05

128. CH3CO+H<=>CH3+HCO

129. CH3CO+0O<=>CH3+CO2

130. CH3CO+OH<=>CH2CO+H20
131. CH3CO+OH=>CH3+CO+OH
132. CH3CO+HO2=>CH3+CO2+OH
133. CH3HCO<=>CH3+HCO

134. CH3BHCO+H<=>CH3CO+H2
135. CH3HCO+0O<=>CH3CO+OH
136. CH3BHCO+OH<=>CH3CO+H20
137. CH3HCO+02<=>CH3CO+HO2
138. CH3BHCO+HO2<=>CH3CO+H202
139. CH3HCO+CH3<=>CH3CO+CH4
140. C3H3+0<=>CH20+C2H

141. C3H3+02<=>CH2CO+HCO

142. C3H3+CH3<=>C2H5+C2H

143. C3H3+CH3=>C4H6

144. 2C3H3<=>C6H6

145. 2C3H3<=>3C2H2

146. C3H3+C3H4<=>C6H6+H

147. C3H4+M<=>C3H3+H+M

9.60E+13
9.60E+12
1.20E+13
3.00E+13
3.00E+13
7.08E+15
4.00E+13
5.00E+12
1.00E+13
2.00E+13
1.70E+12
1.74E+12
2.00E+13
3.01E+10
1.00E+13
5.00E+12
3.00E+11
5.00E+11
2.20E+11
1.00E+17

SCoooobbogoouwobooooboobd

0
106500.0

5166.0 -

7311.0
8544 -
50900.0
14940.0
8284.0
10500.0
59270.0
3000.0
2294.0
0
18800.0

coboo

81760.0
4207.0
1793.0

.0

42200.0

10700.0
8440.0

0
2870.0
37500.0
0
0
0
2000.0
70000.0
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148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.
180.
181.

182
183
184

H2 Enhanced by
H20 Enhanced by
CO Enhanced by
cOo2 Enhanced by
CH4 Enhanced by
C3H4+H<=>C3H3+H2

C3H4+0<=>CH20+C2H2
C3H4+0<=>CO+C2H4
C3H4+OH<=>C3H3+H20
C3H4+0OH<=>CH2CO+CH3
C3H4+02<=>C3H3+HO2

2.500E+00
1.200E+01
1.900E+00
3.800E+00
1.200E+01

C3H4+HO2<=>CH2CO+CH2+OH

C3H4+CH3<=>C3H3+CH4
C4H6<=>C2H2+C2H3+H
C4H6<=>C2H3+C2H3
C4H6+H<=>C2H3+C2H4

C4H6+H<=>H2+C2H2+C2H3

C4H6+0OH<=>H20+C2H2+C2H3
C4H6+CH3<=>CH4+C2H2+C2H3

C3H5<=>C3H4+H
C3H5+H<=>C3H4+H2
C3H5+0<=>C2H3HCO+H
C3H5+0OH<=>C3H4+H20
C3H5+02<=>C3H4+HO2

C3H5+HO2<=>C2H3+CH20+0OH

C3H5+CH3<=>C3H4+CH4
C3H5+C2H3<=>C3H6+C2H2
C3H5+C2H3<=>C3H4+C2H4
C3H5+C2H5<=>C3H6+C2H4
C3H5+C2H5<=>C3H4+C2H6
C3H6<=>C2H3+CH3
C3H6<=>C3H5+H
C3H6+H<=>C3H5+H2
C3H6+H<=>C2H4+CH3
C3H6+0<=>CH2CO+CH3+H
C3H6+0<=>C2H5+HCO
C3H6+0<=>C3H5+OH
C3H6+0OH<=>C3H5+H20
C3H6+02<=>C3H5+HO2
C3H6+HO2<=>C3H5+H202
C3H6+CH3<=>C3H5+CH4

. C2H3HCO+H<=>C2H3+CO+H2

185. C2H3HCO+0<=>C2H3+CO+OH
186. C2H3HCO+0OH<=>C2H3+CO+H20

187.

C4H8<=>C3H5+CH3

1.00E+12
3.00E-03
9.00E-03
1.45E+13
3.12E+12
4.00E+13
4.00E+12
2.00E+12
1.58E+16
1.80E+13
5.00E+11
6.30E+10
8.38E+12
7.00E+13
1.50E+11
1.80E+13
6.02E+13
6.02E+12
1.33E+07
6.72E+11
3.00E+12
4.80E+12
2.40E+12
2.60E+12
9.60E+11
1.10E+21
2.50E+15
1.73E+05
1.33E+13
7.70E+07
3.43E+07
1.75E+11
3.12E+06
6.02E+13
9.64E+03
2.22E+00
4.00E+09
6.00E+12
8.00E+12

- 1.00E+16

., s
Cooo

DowOoooomwmbooabooooo

o

2.6

0 15000

-4243.0
-4243.0
4170.0
-397.0
61500.0
19000.0
7700.0

85000.0
0
6000.0
-930.0
18500.0
59810.0

Sy
onh9ocooo

o

0
-131.0

0 -1310
-1.2 977100
0 87580.0
25 2490.0
0 32610
1.7 633.7
1.7 -192.8

7 5883.0

20 -298.0

0 47600.0

0 0

0 73000.0

110000.0

13900.0

3.5 56750
1.2 24000
0 1900.0
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188. C4H8+H<=>H2+C4H6+H
189. C4H8+0<=>0H+C4H6+H

190. C4H8+OH<=>H20+C4H6+H
191. C4H8+CH3<=>CH4+C4H6+H
192. C5H10<=>C3H5+C2H5

193. C5H10<=>C3H6+C2H4

194. C5H10+H<=>H2+C4H6+CH3
195. C5H10+0<=>0OH+C4H6+CH3
196. C5H10+OH<=>H20+C4H6+CH3
197. C5H10+CH3<=>CH4+C4H6+CH3
198. C6H12<=>2C3H6

199. C6H12<=>C3H5+C2H4+CH3
200. C6H12+H<=>C3H6+C2H4+CH3
201. C6H12+H<=>2C2H4+C2H5

202. C6H12+H<=>H2+C4H6+C2HS5
203. C6H12+0<=>OH+C4H6+C2H5
204. C6H12+OH<=>H20+C4H6+C2H5
205. C6H12+CH3<=>CH4+C4H6+C2H5
206. C3H5+HCO<=>C3H6+CO

207. C3H5+CH20<=>C3H6+HCO
208. C3H5+C2H6<=>C3H6+C2HS
209. C3H6+C2H3<=>C3H5+C2H4
210. 2C3H5<=>C3H4-+C3H6

211. 2C3H5<=>C6H10

212. CAH8+H<=>C2H4+C2H5

213. C4H8+H<=>C3H6+CH3

214. C5SH10+H<=>2C2H4+CH3

215. C5H10+H<=>C3H6+C2H5

216. PC4H9<=>C2H5+C2H4

217. PC4H9<=>H+C4HS

218. NC3H7<=>CH3+C2H4

219. NC3H7<=>H+C3H6

220. CTH16<=>H+AC7H15

221. CTHI6<=>H+BCTHI5

222. CTH16<=>H+XC7HI5

223. CTH16<=>H+DC7H15

224. CTH16<=>CH3+AC6H13

225. CTH16<=>C2H5+AC5H11

226. CTH16<=>NC3H7+PC4H9

227. CTH16+H<=>H2+AC7H15

228. CTH16+OH<=>H20+ACTH15
229. CTH16+CH3<=>CH4+ACTHI15
230. CTH16+0<=>AC7H15+0H

231. CTH16+H<=>BCTH15+H2

232. CTH16+OH<=>H20+BC7H15

1.15E+05
1.32E+14
2.25E+13
2.50E+11
1.00E+16

- 3.16E+12
- LISE+05
1.32E+14
2325E+13

2.50E+11

3.98E+12

7.94E+15
7.23E+12
7.23E+12
1.15E+05

" 1.32E+14

2.25E+13
2.50E+11
6.00E+13
1.45E+08
2.35E+02
2.22E+00
8.43E+10
1.02E+13
7.23E+12
7.23E+12
7.23E+12
7.23E+12
2.50E+13
1.30E+13
9.60E+13
1.25E+14
1.80E+16
1.20E+16
1.20E+16
6.00E+15
4.00E+17
4.00E+17

2.00E+17

1.32E+14
1.74E+07
5.01E+11
2.88E+06
1.96E+14

S
hoodooy,

N

Coo

nwoooo

N

W=,

nOOoooboobbooboonobo

[—

0
24
0

3.80E+06 2.0

2490.0
5190.0
2217.0
8318.0

71340.0
57040.0

2490.0
5190.0 -

2217.0
8318.0
57430.0
70740.0

1302.0

1302.0

2490.0

5190.0

2217.0

8318.0

0

18180.0

19830.0

4679.0
-263.0

-263.0

1302.0

1302.0

1302.0

1302.0
28800.0
39000.0
31070.0
37045.0

100600.0

98090.0
98090.0
98090.0
87300.0
85400.0
84900.0

9370.0

974.0
13600.0
5505.0
7959.0
-596.0
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233. C7TH16+0<=>BC7H15+0H
234. CTH16+CH3<=>CH4+BC7H15

235. CTH16+C3H5<=>C3H6+BC7H15
236. CTH16+H<=>XCTH15+H2
237. CTH16+0<=>XCTH15+0OH

238. C7TH16+0OH<=>XC7H15+H20

239. C7TH16+CH3<=>XC7H15+CH4

240. CTH16+C3H5<=>C3H6+XC7H15
241. CTH16+H<=>DC7H15+H2
242. CTH16+0<=>DC7H15+0OH

243. CTH16+OH<=>DC7H15+H20

244. CTH16+CH3<=>DC7H15+CH4
245. CTH16+C3H5<=>C3H6+DC7H15
246. ACTH15<=>C2H4+AC5H11
247. BCTH15<=>C3H6+PC4H9
248. XCTH15<=>C4H8+NC3H7
249. XC7H15<=>C6H12+CH3
250. DC7TH15<=>C5H10+C2H5
251. ACTH15<=>BC7H15

252. ACTH15<=>XC7H15

253. AC7TH15<=>DC7H15

254. BCTH15<=>XC7H15

Reverse Arrhenius coefficients:

255. AC5H11<=>NC3H7+C2H4

256. AC6H13<=>PC4H9+C2H4

257. N+NO<=>N2+0O

258. N+02<=>NO+0O

259. N+OH<=>NO+H

260. N20+0<=>N2+02

261. N20+0<=>2NO

262. N20+H<=>N2+OH

263. N20+OH<=>N2+HO2

264. N20(+M)<=>N2+O(+M)
Low pressure limit: .62000E+15 .00000E+00 .56100E+05

H2
H20
CH4
80
6(07
C2H6
AR

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

265. HO2+NO<=>NO2+0OH
266. NO+O+M<=>NO2+M

H2
H20

Enhanced by
Enhanced by

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

2.000E+00
6.000E+00

2.77TE+05
4.27E+11
1.57TE+02
1.57E+14
2.21E+05
4.37E+06
3.42E+11
1.57TE+02
9.80E+13
1.38E+05
4.3TE+06
2.14E+11
7.83E+01
2.50E+13
1.60E+13
1.50E+13
2.40E+13
1.08E+13
2.00E+11
2.00E+11
2.00E+11
2.00E+11
2.00E+11
2.50E+13
2.50E+13
3.50E+13
2.65E+12
7.33E+13
1.40E+12
2.90E+13
4.40E+14
2.00E+12
1.30E+11

2.11E+12
1.06E+20

26 1910.0
10500.0
18160.0
7959.0
1910.0
-1312.0

L. W,
Soon©PwL®e

18160.0
7959.0
1910.0
-1312.0
10500.0
18160.0
28800.0
28300.0
29100.0
33000.0
28000.0
11100.0
18100.0
20000.0
20000.0
20000.0
28800.0
28800.0
330.0
6400.0
1120.0
10810.0
23150.0
18880.0
21060.0
59620.0

PR, W
oo

. W,
oL o

Coooooobobooboboobooo

0 -4800
-14 .0

10500.0
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CH4 Enhanced by
co Enhanced by
CO2 Enhanced by
AR Enhanced by

267. NO2+0<=>NO+02
268. NO2+H<=>NO+OH
269. NH+O<=>NO+H

270. NH+H<=>N+H2
271. NH+OH<=>HNO+H
272. NH+OH<=>N+H20
273. NH+02<=>HNO+O
274. NH+02<=>NO+OH
275. NH+N<=>N2+H
276. NH+H20<=>HNO+H2
277. NH+NO<=>N2+OH
278. NH+NO<=>N20+H
279. NH2+0O<=>OH+NH
280. NH2+0<=>H+HNO
281. NH2+H<=>NH+H2
282. NH2+OH<=>NH+H20
283. NNH<=>N2+H

284. NNH+M<=>N2+H+M

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
co Enhanced by
CO2 Enhanced by
C2H6 Enhanced by
AR Enhanced by

285. NNH+02<=>HO2+N2
286. NNH+O<=>0H+N?2
287. NNH+O<=>NH+NO
288. NNH+H<=>H2+N?2
289. NNH+OH<=>H20+N2
290. NNH+CH3<=>CH4+N2
291. H+tNO+M<=>HNO+M

H2 Enhanced by
H20 Enhanced by
CH4 Enhanced by
€O Enhanced by
CO2 Enhanced by
C2H6 Enhanced by
AR Enhanced by

292. HNO+0<=>NO+OH

2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

2.000E+00 -

6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

2.000E+00

6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

3.90E+12

1.32E+14

5.00E+13
3.20E+13
2.00E+13
2.00E+09
4.61E+05
1.28E+06

L.50E+13
2.00E+13

4.60E+13
4.00E+13
9.00E+07
3.30E+08
1.30E+14

5.00E+12
2.50E+13
7.00E+13
5.00E+13
2.00E+13
2.50E+13
8.95E+19

2.50E+13

178

0 -240.0
0 3600
0 0
.0 3300
0 0
12 .0
20 65000
1.5 1000
.0 13850.0
-2 0
-5 0

.0 0

.0 0

.0 3650.0
1.5 -460.0
. .0
-1 4980.0
.0 0

.0 0

.0 0

.0 0

.0 0

.0 0
-1.3 7400
.0 0



293. HNO+H<=>H2+NO
294. HNO+OH<=>NO+H20
295. HNO+02<=>HO2+NO
296. CN+0<=>CO+N

297. CN+OH<=>NCO+H
298. CN+H20<=>HCN+OH
299. CN+02<=>NCO+0O
300. CN+H2<=>HCN+H
301. NCO+0<=>NO+CO
302. NCO+H<=>NH+CO
303. NCO+OH<=>NO+H+CO
304. NCO+N<=>N2+CO
305. NCO+02<=>NO+CO2
306. NCO+M<=>N+CO+M

H2
H20
CH4
CO
CO2
C2H6
AR

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

307. NCO+NO<=>N20+CO
308. NCO+NO<=>N2+CQO2
309. HCN+M<=>H+CN+M

H2
H20
CH4
CcO
CO2
C2H6
AR

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

310. HCN+0O<=>NCO+H

311. HCN+O<=>NH+CO

312. HCN+0O<=>CN+OH

313. HCN+OH<=>HOCN+H
314. HCN+OH<=>HNCO+H
315. HCN+OH<=>NH2+CO
316. H+HCN+M<=>H2CN+M

H2
H20
CH4
CO
CO2
C2H6
AR

Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by
Enhanced by

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

2.000E+00
6.000E+00
2.000E+00
1.500E+00
2.000E+00
3.000E+00
7.000E-01

4.50E+11
1.30E+07
1.00E+13
7.70E+13
4.00E+13
8.00E+12
6.14E+12
2.10E+13
2.35E+13
5.40E+13
2.50E+12
2.00E+13
2.00E+12
8.80E+16

2.85E+17
5.70E+18
1.04E+29

1.11E+04
2.77E+03
2.13E+09
1.10E+06
4.40E+03
1.60E+02
1.40E+26

i
1.9

nwooooboooooooo

-1.5
-2.0
-3.3

2.6
2.6
1.6
2.0
23
2.6
-34

660.0
-950.0
13000.0
0
0
7460.0
-440.0
4710.0

740.0
800.0
126600.0

4980.0
4980.0
26600.0
13370.0
6400.0
9000.0
1900.0
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180

317. H2CN+N<=>N2+CH2 6.00E+13 .0 400.0

318. CH+N2<=>HCN+N 2.86E+08 1.1 20400 0

319. CH+N2(+M)<—>HCNN(+M) .
Low pressure hrmt ".13000E+26 -.31600E+01 74000E+03
TROE centering:  .66700E+00 .23500E+03 .21 17OE+O4 45360E+04

H2 Enhanced by 2.000E+00 **** ~ :
H20 - Enhanced by 6.000E+00 T
CH4 " Enhanced by 2.000E+00 R o -
co ' Enhanced by 1.500E+00 o
CO2 Enhanced by 2.000E+00 = -
C2H6  Enhancedby 3.000E+00 = ~~°~ -~ -
AR Enhanced by 7.000E-01 o
320. CH2+N2<=>HCN+NH 1.00E+13 .0 74000.0
321. CH2(S)+N2<=>NH+HCN 1.00E+11 .0 65000.0
322. CH+NO<=>HCN+O 5.00E+13 0 0
323. CH+NO<=>H+NCO 2.00E+13 .0 0
324. CH+NO<=>N+HCO 3.00E+13 .0 0
325. CH2+NO<=>H+HNCO 3.10E+17 -14 1270.0
326. CH2+NO<=>0OH+HCN ~ 290E+14 -7 760.0 :
327. CH2+NO<=>H+HCNO 3.80E+13 -4 580.0
328. CH2(S)+NO<=>H+HNCO 3.10E+17 -14 1270.0
329. CH2(SH+NO<=>0OH+HCN 290E+14 -7 760.0
330. CH2(SH+NO<=>H+HCNO 3.80E+13 -4 5800 -
331. CH3+NO<=>HCN+H20 9.60E+13 .0 28800.0
332. CH3+NO<=>H2CN+OH 1.0OE+12 .0 21750.0
333. HCNN+O<=>CO+H+N2 2.20E+13 .0 0
334. HCNN+O<=>HCN+NO 200E+12 0 0
335. HCNN+02<=>0+HCO+N2 1.20E+13 .0 .0
336. HCNN+OH<=>H+HCO+N2 1.20E+13 .0 .0
337. HCNN+H<=>CH2+N2 1.00E+14 .0 0 -
338. HNCO+0<=>NH+CO2 9.80E+07 14 8500.0 _
339. HNCO+0O<=>HNO+CO ' 1.50E+08 1.6 44000.0 ’
340. HNCO+0O<=>NCO+0OH 220E+06 2.1 11400.0
341. HNCO+H<=>NH2+CO 2.25E+07 1.7 3800.0
342. HNCO+H<=>H2+NCO 1.OSE+05 2.5 13300.0
343. HNCO+OH<=>NCO+H20 4.65E+12 .0 6850.0
344, HNCO+OH<=>NH2+CO2 1.55E+12 .0 6850.0
345. HNCO+M<=>NH+CO+M 1.18E+16 .0 84720.0
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
CO Enhanced by 1.500E+00 -
CcO2 Enhanced by 2.000E+00 )
C2H6 Enhanced by 3.000E+00 = -

AR Enhanced by 7.000E-01



346. HCNO+H<=>H+HNCO
347. HCNO+H<=>OH+HCN
348. HCNO+H<=>NH2+CO
349. HOCN+H<=>H+HNCO
350. CH3+N<=>H2CN+H
351. CH3+N<=>HCN+H2
352. NH3+H<=>NH2+H2
353. NH3+OH<=>NH2+H20
354. NH3+0O<=>NH2+OH

2.10E+15
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B.1 Equivalence Ratio Comparison

As noted in the previous discussion, the residence time for a stoichiometric
mixture was scaled to reflect the primary equivalence ratio supplied to the LDI burner.
The NO is then scaled by the same equivalence ratio to dilute the stoichiometric products
with excess air. As Figure B.2 demonstrates, a remarkable comparison is achieved. Note
that the reference condition of ¢,;=0.9 is the normalization point for the residence time,
thus matching the NO (ppm) level at this stoichiometry. To better compare with the ¢
scaling demonstrated in Chapter 6, Figure B.3 depicts the correlation achieved when the
residence time (analogous to the equivalence ratio) is squared and the results compared to
the actual data. The PSR adequately predicts the scaling of NO over this range of
equivalence ratios. Unfortunately, the residence times associated with this correlation are
on the order of 1 ps, which is an unrealistic time scale for the LDI flame. A realistic time
scale, based on the exit velocity and combustion temperature would be ~0.1 ms. We
recognize this limitation and do not wish to overemphasize the correlations found in this

appendix.

B.2 Preheat Comparison
To model the LDI preheat conditions, the adiabatic temperatures for the varying
preheat temperatures were calculated and substituted into the constant temperature PSR
code. The residence time was chosen based on the nominal 375-K air preheat, 4-atm,
$,=0.9 case, as above. The results are shown in Figure B.4. The shift in NO between the
curves results only from the repeatability of the LDI measurements. In this data set, the
$,=0.9 NO level was ~39 ppm as opposed to ~46 ppm. Again, we see exceptional

qualitative and quantitative comparisons.
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Comparison of PSR predictions to measured scaling for air preheat

temperature in LDI flames.
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B.3 Pressure Comparison
A last comparison is that of the pressure scaling measured in the LDI flames. To
perform this comparison, the adiabatic flame temperatures were calculated at the different
pressures, and the residence times were scaled based on the flow scaling with pressure
actually used in the experiments. These values were used in the constant temperature
PSR code and the results are shown in Figure B.5. The PSR model does not accurately
represent the measured trend for the LDI burner. Nevertheless, the qualitative trend is

consistent in that the NO level increases with pressure.

B.4 Additional Sandia Models
Recognizing that the time scales predicted by the PSR code are several orders of
magnitude too small, we attempted four other simulations using perfectly-stirred reactors

and plug-flow reactors (PFR). These are delineated below:

1. PSR with full energy equation solution, i.e., not constant temperature
2. PSR with full energy solution and heat loss to constrain maximum
temperature

PFR with full energy equation solution
4. PFR with specified temperature profile

Each of these simulations produced similar residence times for the production of ~46
ppm of NO, namely 1 to 30 ps. We have concluded that the LDI burner cannot be
simplistically modeled with either the PSR or PFR codes to produce realistic pollutant
levels and time scales. We therefore have to approach the LDI burner from a more

computationally demanding viewpoint.
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B.5 REC Modeling

With the recognition that time-averaged, spatially-resolved NO concentration
measurements yield limited information about the NO formation mechanism and its
intricate dependence on the pressure, stoichiometry, and air preheat temperatures, we
have worked with Dr. John Abraham to numerically model the spray combustion event.
Using the REC code (Magi, 1987), we have simulated cold-flow air conditions to match
the swirl geometry and are currently simulating combusting air plus gaseous fuel
conditions. The time required to run the simulations prohibits complete analysis via the
computational model. Nevertheless, the results obtained thus far are presented here.

The simulations were performed in a cylindrical volume matching the dimensions
of the pressure vessel interior, with a constant pressure boundary at the exit and swirling
air issuing into the chamber at an angle similar to the LDI burner exit. Several iterations
were performed to simulate the 5-atm operating conditions, with the end result shown in
Figure B.6 as a vector plot of the cold-flow velocity profiles. The combusting case is
shown in figure B.7 at a time of 70 ms into the simulation. The cold-flow plot
demonstrates the expected recirculation zone for swirl-stabilized flow. The combusting
case, however, does not yield a recirculation zone at this time. Either the code has not
reached a steady-state operating condition, or the addition of heat from combustion
inhibits the formation of a recirculation zone.

The temperature and NO profiles for the 70-ms case are pictured in Figures B.8
and B.9, respectively. It is too early in the simulation to make conclusive statements
regarding the utility of the REC code to predict the LDI characteristics, particularly with
the absence of a recirculation zone in the combusting case. These simulations should be
deferred to a full-time research project in order to yield a general insight into the
combustion of swirl-stabilized spray flames. General simulated trends in the NO
concentrations can be compared to the measured trends. The additional information
provided by temperature, species, and velocity profiles should provide valuable insight
into the actual NO formation mechanism and improve our understanding of the

combustion of swirling sprays.
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Figure B.6:  Cold-flow velocity vector plot of REC simulation.
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Figure B.7:  Combusting-flow velocity vector plot of REC simulation.
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